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FOREWORD 

This interim report  i s  submitted i n  p a r t i a l  fu l f i l lmen t  of t h e  contract  
and i n  l i e u  of the t h i r d  quar te r ly  progress report  a t  t h e  request of R. F. Lark, 
Lewis Research Center, t he  NASA Project  Manager, i n  a l e t t e r  t o  A. Lewis, 
Aerojet-General Project Manager, dated 27 December 1965. 

It documents t he  per t inent  work involved i n  the  preparat ion and evalua- 
t i o n  of glass-monofilament-wound NOL rings i n  t h e  development of  improved 
cryogenic composites. It covers work performed by t h e  Glass Technology 
Department of the Chemical and S t ruc tu ra l  Products Division of  Aerojet-General 
from 29 June 1965 t o  28 March 1966. 

n 

A. Lewis, Manager 
Glass Technology Department 

Chemical- and S t ruc tu ra l  Products Division 
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IMPROVED, CRYOGENIC, RESIN/GLASS-FILAMENT-WOUND COMPOSITES 

A .  Lewis, G. E. h s h ,  and J. Creedon 

ABSTRACT 

' m  

The use of NOL r ings  fabr ica ted  from monofilaments of Aerojet Hi-Stren 
g l a s s  drawn d i r e c t l y  from t h e  bushing provided an e f f i c i e n t  and economical 
technique f o r  interlaminar-shear t e s t ing .  Specimens cut  from t h e  r ings  were 
t e s t e d  a t  room temperature, after 6 hours  i n  bo i l ing  water, and a t  -423OF t o  
evaluate f i n i s h  compositions, matrix res ins ,  and f l e x i b i l i z e r s  f o r  cryogenic 
appl ica t ion .  
r e t en t ion  more than the  room-temperature or cryogenic shear  s t rengths .  

The coupling agents used i n  the  f i n i s h  improved wet-strength 
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IMPROVED, CRYOGENIC, RESIN/GLASS-FILAMENT-WOUND COMPOSITES 

by A. Lewis, G. E. Bush, and J. Creedon 

Aerojet-General Corporation 

The object ive of t h i s  work i s  t h e  development of an improved g lass / res in  
composite f o r  cryogenic use through invest igat ions of glass-fi lament f in i shes ,  
su i t ab le  r e s ins ,  and/or improved processing techniques f o r  composite fabr ica-  
t i o n .  

I n  Task I of t he  three- task program, s ta te-of- the-ar t  materials and 
techniques were evaluated with Naval Ordnance Laboratory (NOL) r ings  fabr ica ted  
from newly formed g la s s  monofilament. Task 11, i n  progress, includes evalua- 
t i o n s  of t he  mater ia l s  and/or techniques se lec ted  i n  the  foregoing work; NOL 
r ings  made from single-end roving a r e  being used. The approaches se lec ted  i n  
Task I1 will be evaluated i n  Task I11 with un iax ia l ly  and b i a x i a l l y  wound 
composites made f rom single-end roving.  

This in te r im repor t  covers Task I. Filaments of E - S t r e n  g lass ,  a 
magnesia a luminosi l icate  developed by Aerojet-General, have been se lec ted  as 
re inforc ing  elements f o r  a l l  work i n  the program. 
has shown t h a t  improved cryogenic propert ies  can be obtained through t h e  
proper se-j-ectinr, nf f i c i s h  acd resic-m,trix y&tcrials. 

The inves t iga t ion  thus far 

* H 
with Epon 828 Coupling agent 2-6020 or 2-6040 epoxy r e s i n  provided 

some of t h e  best combinations of propert ies  a t  room temperature, after a 6- 
hour water bo i l ,  and a t  -423OF i n  t h e  work under Task I. The use of MOL 
r i n g  composites, fabr ica ted  immediately after f ibe r i za t ion ,  was found t o  be 
an effective technique f o r  evaluat ing t h e  bond s t rength  between t h e  glass ,  
f i n i s h ,  and r e s i n  m t r i x .  

* 
Respectively 7 - (tr imethoxysilylpropyl) ethylenediamine and 7-glycidoxy- 
propyltrimethoxysilane,  manufactured by Daw Corning Corporation. 

Manufactured by Shel l  Chemical Company. 
H 
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I. INTRODUCTION 

This study w a s  undertaken t o  meet a National Aeronautics and Space 
Administration requirement f o r  a high-performance cryogenic s t ruc tu re .  
r e s i n  composites a r e  considered prime candidates f o r  meeting t h i s  need. 
Limited da ta  on the performance of such composites show higher performance 
a t  cryogenic temperatures than a t  room temperature. 
t h a t  t h e  room-temperature s t rength  of a g l a s s  filament i s  approximately doubled 
and the  e l a s t i c  modulus i s  increased by approximately 10% a t  -423OF. 
though the  r o l e  of t h e  r e s i n  matrix and f i n i s h  i s  in s ign i f i can t  i n  terms of 
composite stress, crazing of t he  r e s i n  w i l l  r e s u l t  i n  reduced a b i l i t y  t o  
t r a n s f e r  loads between adjacent  fibers, thus causing premature composite 
f a i l u r e .  

Glass/ 

It i s  general ly  accepted 

A l -  

The object ive of t h i s  work i s  t o  develop g l a s s / r e s in  composites having 
improved cryogenic proper t ies  a t t a i n e d  through the  use of an improved f i n i s h ,  
r e s in ,  and/or processing technique. Prime emphasis i s  being placed on f i n i s h  
inves t iga t ions .  Resin and processing-technique s tud ie s  a r e  a l loca t ed  l e s s  
important r o l e s .  

The program i s  divided i n t o  th ree  tasks .  Task I, covered i n  t h i s  repor t ,  
involved the  se l ec t ion  of 12 promising s ta te -of - the-ar t  mater ia ls  and r e l a t e d  
techniques.  
formed monofilament of magnesia a luminos i l ica te  g l a s s  (Hi-Stren, developed by 
Aeroj et-General) . 
determined by subject ing the  r ings  t o  inter laminar-shear  t e s t s  a t  room tempera- 
t u re ,  a t  room temperature after a 6-hour water b o i l ,  and a t  -423OF. 
I1 t h e  12 se lec ted  mater ia ls  and r e l a t e d  processing techniques are being 
evaluated with NOL r ings f ab r i ca t ed  from single-end Hi-Stren roving. 
will cover t h e  f i n a l  evaluat ion of t h e  se l ec t ions  made i n  Task 11; un iax ia l ly  
and b i a x i a l l y  wound composites using single-end Hi-Stren roving w i l l  be 
f ab r i ca t ed  and evaluated. 

The evaluation specimens were NOL r ings  fabr ica ted  from a newly 

The r e s i n  performance and in te r fac ia l -bond performance were 

I n  Task 

Task 111 

11. TECHNICAL DISCUSSION 

A. APPROACH 

Good bonding between the  g l a s s - f ibe r  component and the  r e s in -  

The bond s t r eng th  i s  
matrix component of a glass-reinforced composite i s  required t o  t r a n s f e r  
s t r e s s e s  between t h e  g l a s s  f i b e r s  i n  the  composite. 
usua l ly  determined by inter laminar-shear  measurements, which a r e  used t o  evalu- 
a t e  parameters that a f f e c t  t h e  g lass / res in  i n t e r f a c e .  Parameters t h a t  can 
be s tudied include the  composition of the  f i n i s h  and matrix and t h e  e f f e c t s  Of 
processing procedures. The NOL-ring tes t ,  which f e a t u r e s  e a s i l y  f ab r i ca t ed  
specimens and i s  widely accepted i n  the  indus t ry ,  w a s  chosen t o  determine 
shear s t rengths .  Short-span horizontal-shear  specimens were cut  from cured 
NOL r ings .  Interlamimar-shear s t rengths  were determined a t  room temperature 
( f ive  specimens of each r i n g ) ,  a t  room temperature following a 6-hour water 
b o i l  ( f i v e  specimens), and a t  -423OF @three  specimens). 
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B. ROIX O F  FINISH I N  GLASS-IIESIN INTEEPACE 

Previous inves t iga tors  have suggested that t h e  composition of t h e  

The f i n i s h ,  which 
f i n i s h  and the  method used f o r  appl icat ion t o  g l a s s  f i laments  have important 
effects on t h e  g lass / res in  in t e r f ace  bond (Refs. 1 and 2) .  
i s  coated on t h e  g lass  f i b e r  immediately following f ibe r i za t ion ,  general ly  con- 
sists of a f i l m  former dissolved i n  a carrier (solvent) ,  a coupling agent, a 
lubricant /wet t ing agent, and a p l a s t i c i ze r .  Its function i s  t o  pro tec t  t h e  
f i b e r s  from abrasion, improve t h e  bonding of the g l a s s  t o  t h e  matrix res in ,  and 
pro tec t  t h e  g lass  f i b e r s  from corrosive environmental elements, such as 
moisture. 

The coupling agent, i t  i s  believed, contr ibutes  s i g n i f i c a n t l y  t o  
improving t h e  interlaminar-shear s t rength of t h e  composite. Functionally, it 
serves as a molecular bridge a t  t he  in te r face  between t h e  g l a s s  and the  r e s in .  
It i s  synthesized i n  a manner t h a t  permits one end of t h e  molecule t o  r eac t  
or combine with t h e  g l a s s  surface and t h e  other  with t h e  r e s i n  matrix. Egure 
1 shows a possible  mechanism f o r  attachment t o  hydroxyl sites on the g lass  
surface.  

Many inves t iga t ions  employing d i f f e r e n t  approaches have been con- 
ducted t o  determine the  nature of t h e  g lass / res in  in te r face .  The approaches 
included s tud ie s  of (1) surface energy (determination of contact angles, 
measurement of surface-wetting behavior, inves t iga t ion  of t h e  thermodynamics 
of spreading on glass ,  e t c .  ), (2) adsorption phenomena (gas- and liquid-phase 
adsorption-isotherm measurements, adsokption of spec i f i c  monomers and polymers, 
o r i en ta t ion  of adsorbed materials, and anisotropy of adsorpt ion) ,  and (3) 
chemical phenomena (analysis  of t he  glass  surface before  and a f t e r  treatment 
with t h e  bonding materials, radioact ive- t racer  determination of t he  extent  
of adsorption, and spectroscopic determination of adsorbants on g lass ) .  
Direct  phys ica l  measurements have been made t o  determine the s t r eng th  of 
bonding between g lass  and r e s i n s .  
used t o  determine t h e  nature  o f  t he  in te r faces  between t h e  r e s ins ,  t he  coupling 
agents,  and t h e  g lass .  Most of the r e s u l t s  c l e a r l y  imply that  water i s  a 
major component adsorbed on the glass  surface.  

Many other  tests and approaches have been 

Inconclusive r e s u l t s  were obtained i n  attempts t o  determine whether 
f resh ,  c lean g l a s s  or chemically t r ea t ed  g lass  provided s t ronger  bonds t o  
r e s i n  materials. Some work has indicated t h a t  a f r e s h l y  cleaved g l a s s  surface 
(one wi th  no adsorbed water) demonstrates very poor bonding behavior, w h i l e  
water-covered g l a s s  surfaces  exh ib i t  bonding proper t ies  equal  t o  those of  
g l a s s  subjected t o  p r i o r  coupling-agent treatment (Ref. 3) .  On the other  
hand, a recent  study employing azeotropic d i s t i l l a t i o n  t o  remove the upper 
l aye r s  of adsorbed water ( R e f .  4) supports the v i e w  that g lass / res in  bonding 
is  improved as the  amount of adsorbed water i s  reduced. It appears t h a t  the 
phys ica l  p roper t ies  and behavior of the in te r face ,  as w e l l  as t h e  surface 
s t r u c t u r e  of the g lass ,  a r e  not w e l l  understood. Similarly,  the surface 
energy and the chemical behavior are i n s u f f i c i e n t l y  known t o  permit a c l ea r  
Understanding of the bonding mechanisms 

Because it i s  important t o  provide strong and impermeable bonding 
between the r e s ins  and the  v i rg in  uncoated g l a s s  f i b e r s ,  a search f o r  spec i f i c  
g l a s s - f ibe r  f in i shes  ( s i z ings )  t o  improve the g lass / res in  bond was undertaken. 

e 
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Most f in i shes  i n  use today include a s i l a n e  coupling agent (e.g.  , b 

Union Carbide Corporation A-1100 and var ious v i n y l  and a l l y l  s i l a n e  compounds). 
The commercially s u c c e s s f i l  f i n i shes ,  however, have very diverse  chemical 
s t ruc tu res .  
f i n i s h  used on g lass  f i laments ) ,  Volan types (chromium methacrylate complexes), 
and t h e  most recent ly  developed methacrylic-polymer type.  
reac t ion  of a l l  of these  f i n i s h e s  involves hydrolysis ,  it may be concluded 
t h a t  hydroxyl i n t e rac t ion  i s  important t o  the  funct ion of t he  f i n i s h .  

Among them are t h e  o r i g i n a l  dex t r in -o i l  emulsion ( the  f i rs t  

Because the  f i r s t  

The method o f  applying t h e  coupling-agent component of t h e  f i n i s h  

I n  the present study t h e  coupling agent w a s  appl ied  (1) as p a r t  of 

A "corn- 

i s  an important aspect  of t he  i n t e r a c t i o n  between the  f i n i s h  and t h e  g l a s s  
f i lament .  
t he  matrix r e s i n  i n  a ''one-step process," o r  (2 )  as p a r t  of t he  f i n i s h ,  
followed by appl ica t ion  of t h e  matrix r e s i n  i n  a "two-step process." 
b ina t ion  process" (agent appl ied  as p a r t  of t h e  r e s i n  and the  f i n i s h )  i s  
a l s o  poss ib le .  

Sterman and Marsden (Ref. 1) suggested t h a t  t h e  s i l a n e  coupling 

They obtained higher inter laminar-shear  values  when y-glycidoxypropyl- 
agents be dissolved i n  the  r e s i n  ins tead  of being appl ied d i r e c t l y  t o  t h e  
f i b e r .  
tr imethoxysilane was used i n  a one-step process i n  an amine-cured epoxy 
laminate than when the  f i n i s h  w a s  appl ied d i r e c t l y  t o  t h e  g lass .  Under the  
same conditions,  an  (epoxycyclohexy1)ethyltrimethoxysilane performed b e t t e r  
when t h e  f i n i s h  w a s  appl ied d i r e c t l y  t o  t h e  f i lament  than i n  t h e  one-step 
process. They bel ieve t h a t  t h e  bonding of t h e  coupling agent i n  t h e  one- 
s t e p  process involves s i l a n e  migration 50 t he  f i lament  i n t e r f a c e ,  o r i e n t a t i o n  
of t h e  s i l a n e ,  hydrolysis w i th  bound surface water, and condensation wi th  
bonding. 

More recent ly ,  Holtmann ( R e f .  2)  showed t h e  coupling agent t o  be 
more e f f e c t i v e  i n  a two-step process with a polyes te r  r e s i n .  
t h a t  f u r t h e r  improvement could be obtained by using t h e  coupling agent i n  both 
the f i n i s h  and the r e s i n  matrix ( i . e . ,  t h e  combination pl-ocess). 
t i o n  w a s  based on comparison of t he  e f f e c t s  of water b o i l i n g  on hor izonta l -  
shear  specimens. 

He found a l s o  

H i s  evalua- 

D. SELECTION OF MATERIALS AND PROCESSING TECHNIQTJES 

1. Glass 

Aero je t ' s  Hi-Stren g l a s s  w a s  s e l e c t e d  f o r  t h e  re inforc ing  
fi lament t o  ensure very high composite-strength va lues .  
temperature t e n s i l e  s t r eng th  and modulus of Hi-Stren are 7OO,OOO p s i  (700 k s i )  
and 13.5 x 10 6 psi ,  respec t ive ly .  
ments t e s t e d  within 30 min a f t e r  f i b e r i z a t i o n .  

The avex-age room- 

These da ta  were obtained with v i r g i n  f i l a -  

Hi-Stren monofilaments were t e s t e d  a t  -320°F $0 e s t a b l i s h  a 
benchmark f o r  use i n  comparison of composite-property da t a .  F i f t e e n  randomly 
selected, g lass - f iber ,  cont ro l  specimens tes ted a t  room temperature had an 
average t e n s i l e  s t rength  of 732 k s i  and an  average modulus of 13.4 x lo6 p s i .  



Fif teen  addi t iona l  specimens were t e s t ed  a t  -32OOF by complete submersion i n  

1097 ks i ;  t h e  t e n s i l e  modulus w a s  increased by approximately 10% t o  14.7 x 106 
p s i .  

I l i qu id  nitrogen. The t e n s i l e  s t rength w a s  increased by approximately 5% t o  

The data a r e  given i n  Table 1. 
I - 2. Application and/or Processing Modification 

Various techniques for t h e  appl ica t ion  and/or processing of 
t he  f in i shes  and r e s i n s  were s e l e c t e d t o  y i e ld  a minimum of entrained air  
bubbles and voids i n  the  composite. 
such as v ibra t ion  f o r  air-bubble displacement were t o  be examined i n i t i a l l y ,  
but p r a c t i c a l  considerations forced a concentration of e f f o r t  on other  prob- 
lems r e l a t i n g  t o  r e s i n  and f i n i s h  appl icat ion on a monofilament f i b e r  a t  t h e  
g l a s s - f ibe r  drawing furnace. 
r e s i n  and f i n i s h  concentration, v i scos i ty  and temperature, g lass - f iber  tension, 
winding speed, f i n i s h  and r e s i n  solvent ca r r i e r ,  and t ravers ing  mthods.  It 
w a s  found that t h e  use of t h e  process that was developed caused t h e  occlusion 
of very l i t t l e  air  and d r a s t i c a l l y  reduced the  void content of XOL riryp* 

Vacuum degassing and mechanical means 

The parameters t h a t  were considered included t h e  

39 Finish Materials 

Ekperience and an extensive survey of  t h e  suppl iers  and manu- 
f ac tu re r s  l i s t e d  i n  Table 2 formed the bas i s  f o r  t he  se lec t ion  of f i n i s h  
materials. Samples of mater ia ls  recomended by t h e  suppl ie rs  were evaluated, 
and acceptable materials were used i n  the  program. 
considered f o r  acceptance were good abrasion res i s tance ,  low permeability and 
high s t a b i l i t y  t o  water vapor, good adhesion t o  and wetting of t he  g lass  f i la-  
ment and t h e  matrix r e s in ,  high shear s t rength,  and good handling propert ies .  

Some of t he  cha rac t e r i s t i c s  

I 

~ below. 

The various components of the f i n i s h  - coupling agents, f i l m  
formers, p l a s t i c i z e r s ,  and lubricant/wetting agents - a r e  discussed ind iv idua l ly  1 -  

a. Coupling Agents 

Table 5 l i s t s  t'k types VI^ c v u p l k g  ageiits coiisldzi-ed 
f o r  use i n  this program. 
promoting l inkage between the  g l a s s  and the r e s i n  matrix. 
r e s i n s  comprise most of the  reinforced-plast ics  market today, and most 
coupling-agent inves t iga t ions  have been conducted with $hem. 

Silane-type agents have been the  most e f f ec t ive  i n  
Pclyester  and epoxy 

The s i l ane  coupling agent i s  reported to bond t o  the 
g l a s s  f i b e r  by condensation react ion of t he  a c t i v e  group on the  s i l i c c n  wi th  
the s i l a n o l  on t h e  g l a s s  surface (Ref. 1). 
compound such as CH2=CHSiX3 are 
used i n  f in i shes  f o r  polyester-resin composites. 
form the s i l a n o l  have l i t t l e  e f f e c t  on the  performance of t h e  coupling agent 
as measured by composite s t rength.  The choice i s  sometimes d ic ta ted  by the  
handling propert ies ,  nature of t h e  hydrolysis byproducts ( R C I ,  ROH), acd cos t .  

Some t y p i c a l  ac t ive  groups on a 
where X may be C1,  OCE3, OC2H5 ,, o r  N(CH3 )2 

The hydrolyzable groups that 

In  most commercial applicti t ions,  water i s  the  preferred 
c a r r i e r  for t h e  f i l m  former i n  t h e  f in i sh .  This r e s t r i c t s  the  f i l m  former i n  
t h e  f i n i s h  t o  water-soluble or dispersible  types. The water a l so  serves t o  
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hydrolyze the  s i lane  coupling agent t o  the  s i l a n o l  which i s  required f o r  
condensation with the  s i l a n o l  on the  g l a s s  surface.  The f in i shes  evaluated 
i n  t h i s  program were i n  a solvent  c a r r i e r  s ince  the  f i l m  formers were not water 
soluble .  The hydrolysis of t he  s i l a n e  under these  conditions i s  bel ieved t o  be 
obtained with bound sur face  water o r  s i l a n o l  groups on the  g l a s s  f i b e r .  

Chemical i n t e rac t ions  of  s i l a n e  coupling agents  with 
epoxy r e s ins  a r e  obtained by reac t ing  the  a c t i v e  groups i n  these  agents  with 
t h e  amine hardener (as  f o r  t he  2-6040 coupling agen t )  o r  with the  epoxy r e s i n  
i i i  t h e  r l L a t r i K  (ab f u r .  i ir i iuri  Carbide A-XOO).  
t h e  cont ro l  f o r  use i n  comparing various epoxy matrix systems i n  t h i s  program 
because of  i t s  widespread employment i n  t h e  industry.  

Tne A - i i G G  agen-c w a s  s e i ec t ed  as  

b. Film Formers 

The film former i n  the  f i n i s h  provides the  fi lament 
pro tec t ion  against  mechanical damage during subsequent processing, i n  add i t ion  
t o  a moisture-resis tant  b a r r i e r .  The most e f f e c t i v e  types of  f i l m  formers 
have been epoxy res ins  and the  polyvinyl ace t a t e s .  Se lec t ion  of  t h e  f i l m  
former i s  d ic ta ted  pr imari ly  by t h e  composite resin-matrix system. It i s  
e s s e n t i a l  t h a t  compatibil i ty and/or crossl inking be obtained between t h e  f i l m  
former and the  matrix res in .  I n  t h i s  program a n  epoxy-system film former w a s  
s e l ec t ed  as the  control .  

c .  P l a s t i c i z e r s  and Lubricant/Wetting Agents 

P l a s t i c i z e r s  can be added t o  a r e s i n  t o  increase  t h e  
f l e x i b i l i t y  and e x t e n s i b i l i t y  and t o  decrease the  y i e l d  point ,  e l a s t i c  modulus, 
and t e n s i l e  s t rength.  

Flow i s  caused by the  movement of  molecules. The ease 
with which movement occurs depends on the  s t rength  of t h e  a t t r a c t i v e  forces  
between molecules. By decreasing these  forces ,  a p l a s t i c i z i n g  agent increases  
the  molecular mobility and i n  e f f ec t  br ings t h e  substance c lose r  t o  t h e  l i q u i d  
s t a t e  a t  room temperature (Ref. 5 ) .  Increased temperature performs many of t h e  
same funct ions as t he  use of a p l a s t i c i z e r  and was employed, as appl icable ,  
during t h i s  program. 

The p l a s t i c i z e r s  must be compatible and capable of  
producing a s tab le  so lu t ion  with the  r e s i n  ( R e f .  6 ) .  
i s  not  used i n  composites when high ambient s t r eng ths  a r e  des i red ,  because 
maximum strength t r a n s f e r  cannot be accomplished through a f l e x i b l e  f i n i s h -  
r e s i n  matrix.  In the  present s tudy,  however, f l e x i b i l i z e r s  a r e  of  i n t e r e s t  

Ordinar i ly ,  a p l a s t i c i z e r  

i n so fa r  as they 
g l a s s  composite 
r e s i n  i n t e r f a c e  
considered good 
appl ica t ions .  

a f f e c t  the  cryogenic performance of t h e  composite. For a 
t o  perform e f f e c t i v e l y  a t  cryogenic temperatures,  t h e  f i n i s h -  
must have some a b i l i t y  t o  s t r a i n .  The urethanes a re  general ly  
candidates f o r  f l e x i b i l i z i n g  r e s i n  systems f o r  cryogenic 

Wetting agents ,  e i t h e r  c a t i o n i c  o r  non-ionic, can be 
added t o  t h e  f in i sh  t o  reduce t h e  surface t ens ion  and improve t h e  wet t ing  of 
the  g l a s s  filament. Wetting agents  may a l s o  funct ion as lub r i can t s ,  improving 
the  processing cha rac t e r i s t i c s  of  t h e  f i n i s h .  Bascorn has reported ( R e f .  7 )  
t h a t  t h e  type of  wet t ing agent required v a r i e s  with t h e  type  o f  epoxy r e s i n  
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used. 
f r i c t i o n  between the  monofilaments and the processing equipment; i n  addi t ion,  
it frequent ly  improves t h e  "hand" of glass  f i b e r s .  

A lubr icant  serves an important processing function i n  reducing the  

Table 4 l i s t s  the p l a s t i c i z e r s  and t h e  lubr icant /  
wettingagentschosen f o r  use with the  selected film former i n  t h i s  program. 

4. Matrix Resin 

Matrix r e s ins  of a wide va r i e ty  (Table 5 )  were se lec ted  f o r  
an evaluat ion of s ta te -of - the-ar t  systems f o r  ambient and cryogenic tempera- 
t u r e  use.  

a. Epoxies 

Epoxy r e s i n s  are  used f o r  a d i e n t  and cryogenic appl i -  
cat ions and have many desirable and useful  proper t ies .  They can be cured with 
a v a r i e t y  of curing agents and provide a wide l a t i t u d e  i n  processing parameters 
and physical  propert ies .  Epoxies bond w e l l  t o  g l a s s  reinforcements, have less 
shrinkage than polyesters ,  and have l o w  water-absorption proper t ies .  I n  
addi t ion,  they possess high t e n s i l e  s t rength with reasonably good ex tens ib i l i -  
t i es .  

b. Epoxy-Nylon 

The epoxy-nylon type of r e s i n  system should provide 
good cryogenic performance, based on adhesive-bonding s tudies  reported by 
Kausen ( R e f .  8) .  
with these  systems a t  -423OF, but  they a r e  somewhat s ens i t i ve  t o  moisture. 

Tensile lap-shear s t rengths  of 5 t o  7 k s i  have been obtained 

c. Butadiene-Styrene 

Butadiene-styrene r e s ins  were se lec ted  f o r  study be- 
cause of t h e i r  ambient-temperature propert ies  of low modulus and good adhesion. 

d. Polyesters 

Polyesters a re  low-cost, un iversa l ly  used, laminating 
r e s i n s  and were evaluated f o r  appl icat ion as matrix material. 
genera l ly  accepted f o r  high-performance, aerospace, filament-winding applica- 
t i o n s  because they do not bond as well  as epoxy systems t o  nonmetallics, and 
have g r e a t e r  shrinkage and higher water absorption than epoxies. 

They are not 

e. Fluorocarbons 

Published data ( R e f .  9) i nd ica t e  considerable increases  
i n  t h e  s t r eng th  of glass-cloth-reinf  orced laminates a t  -423OF, as compared with 
t h e  room-temperature s t rength.  The ultimate t e n s i l e  s t rength  of glass-rein-  
forced fluorocarbons at -423OF i s  of t h e  order of 85 k s i ,  vs  100 k s i  f o r  epoxy 
systems a t  t h e  same temperature, b u t t h e y  cannot conveniently be used under 
t h e  processing conditions of filament winding. 
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f .  Urethanes 

Polyurethanes appear t o  o f f e r  grea t  po ten t i a l  f o r  cryo- 
genic appl icat ions.  Although t h e i r  room-temperature t e n s i l e  s t rengths  a r e  
low, Roseland has reported (Ref. 10) increased t e n s i l e  lap-shear s t rength  a t  
cryogenic temperatures (390 ps i  a t  180°F and 2000 p s i  a t  -423OF); i n  addi t ion,  
polyurethanes exhibited pee l  s t rengths  of 80 l b  per inch of  width a t  -423OF 
and provided excel lent  abrasion res i s tance .  

Roseland recent ly  reported ( R e f .  11) t h a t  he has ob- 
ta ined  improved performance of urethane (Adiprene L-100, a urethane-based 
compound) i n  cryogenic appl icat ions through t h e  use of t h e  Union Carbide 
A-187 coupling agent. 
shear and peel-s t rength proper t ies  of urethane-adhesive bonds t o  aluminum and 
glass ,  and t h a t  t h e  pee l  s t rength  was ac tua l ly  increased a f t e r  a 48-hour soak 
i n  water. He a l s o  s t a t e d  t h a t  t oo  much s i l a n e  (1.0%) ser ious ly  reduced the  
t e n s i l e  s t rength and elongation of Adiprene L-100. 

He reported t h a t  the addi t ion  of A-187 improved t h e  

Good cryogenic proper t ies  f o r  polyurethane-modified 
epoxies, a s  determined i n  t e s t s  of cast ings,  have been reported i n  Aerojet 
work under Contract NAS 3-6287 (Ref. 12 ) .  

E. NOL-RING FABRICATION DIRECT FROM BUSHING (MONOFILAMENT) 

1. Equipment 

Special ly  designed f i x t u r e s  were required f o r  the  fabr ica-  
t i o n  of NOL r ings from a g l a s s  monofilament immediately following f i b e r i z a t i o n .  
The equipment and too l ing  a re  described below. 

a .  Glass Making 

The glass-manufacturing equipment includes g lass -  
melting furnaces, a marble-making f a c i l i t y  cons is t ing  of a f in ing  furnace and 
a marble machine, and monofilament f ibe r i z ing  furnaces.  

(1) Melting 

Raw batch mater ia l s  a r e  converted i n t o  Hi-Stren 
19-S g la s s  i n  e i t h e r  1-lb-capacity laboratory furnaces or a 2000-lb-capacity 
p i lo t -p lan t  furnace. 

Laboratory furnaces (Figure 2)  were used i n i -  
t i a l l y  i n  the  program. A batch of approximately 500 g of r a w  mater ia l s  was 
melted i n t o  a homogeneous g lass  i n  approximately 24 hours. 
then poured i n t o  water, causing it t o  f r a c t u r e  i n t o  small p a r t i c l e s ,  o r  f r i t .  
The p a r t i c l e s  were subsequently crushed and d r i e d  before  being fed  i n t o  the  
monofilament f ibe r i z ing  furnace. 

The g l a s s  w a s  
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. 

The laboratory melting furnaces a r e  constructed 
high-temperature r e f r a c t o r i e s ,  and a r e  heated with n a t u r a l  gas and compressed 
a i r .  Furnace temperatures a r e  automatically cont ro l led  and recorded by means 
of a thermocouple, c o n t r o l l e r ,  recorder, regula tor ,  and gas-a i r  mixer. The 
Hi-Stren g l a s s  i s  normally melted i n  a zirconia-alumina crucible.  

The p i lo t -p lan t  melting furnace (Figure 3 )  has a 
glass-melt capacity of 2000 lb and a melting a rea  approximately 18 i n .  deep, 4 
f t  wide, and 6 f t  long. The batch materials are charged i n t o  t h e  furnace,  are 
melted f o r  approximately 48 hours, and are l ad led  i n t o  a s t a i n l e s s  steel 
receptac le  containing t a p  water. 
b ins  f o r  drying and storage.  

The f r i t t e d  g l a s s  i s  then t ranspor ted  t o  

of  

( 2 )  Marble Making 

The marble f a c i l i t y  cons i s t s  of a remelt furnace 

The furnace i s  f i r e d  with n a t u r a l  
(Figure 4 )  having a glass-holding capacity of 700 l b ,  and a marble machine 
having a production capacity of  35 lb/hour. 
gas and i s  cont ro l led  by an  automatic f i r i n g  mechanism cons is t ing  of tempera- 
t u r e  c o n t r o l l e r s  and recorders,  thermocouples, a gas -a i r  mixer, and regulators.  

F r i t t e d  g l a s s  i s  charged i n t o  t h e  melt end of 
t h e  remelt furnace. A s  t he  g l a s s  f l o w s  t o  t h e  f r o n t  (or discharge) end of 
t h e  furnace,  it i s  remelted and "fined" ( i . e . ,  trapped gases are removed). 
The g l a s s  then passes through a n  o r i f i c e  and i s  sheared i n t o  "gobs" t h a t  f a l l  
onto rolls which form it i n t o  marbles. 

(3 ) Fiberizing Furnace and Related Equipment 

The monofilament f i b e r i z i n g  furnace cons i s t s  of  
a precious-metal bushing having a 100-g remelt capacity (Figure 5 )  and i s  
heated e l e c t r i c a l l y ,  with t h e  bushing a c t i n g  as t h e  hea t ing  element as we l l  as 
t h e  miter, glass c n n t a l n e r .  The glass i s  fed  i n t o  t h e  bushing i n  t h e  form o f  
fr i t  and i s  conditioned p r i o r  t o  drawing a t  a temperature s u f f i c i e n t l y  high t o  
ensure proper f in ing .  Molten g l a s s  is discharged through an o r i f i c e  a t  t h e  
bottom of  t h e  bushing. 

The f i b e r  thus formed i s  coated with f i n i s h  

The r o l l e r  coa te r  cons i s t s  of a 4-in.-dia 
material by a ro l l e r - coa te r  appl ica tor  1 2  in .  below t h e  o r i f i c e  and/or a f e l t  
pad 36 i n .  below t h e  o r i f i c e .  
roll ,  1 in .  wide, t h a t  i s  ro t a t ed  a t  a surface v e l o c i t y  of approximately 100 
ft /min through a f i lament - f in i sh  bath by a variable-speed motor. 
a p p l i c a t o r  cons is t s  of a f e l t  pad mounted by means of two 1/16-in. s t e e l  
p ins  welded t o  a 3-in.-long, V-shaped, metal holder. 

The pad 

The coated f i b e r  i s  wound onto a 6-3/8-in. 
This "take-up" drum i s  driven by a r o t a t i n g  drum 4 ft  from t h e  bushing. 

variable-speed motor capable o f  operation a t  0 t o  10,000 ft/min (fpm). 

The drum of the  take-up machine was  modified t o  
accommodate an NOL-ring f a b r i c a t i o n  f i x t u r e  and s t a r t i n g  co l l a r .  To i n i t i a t e  
f i b e r i z a t i o n ,  t h e  filament is  attached t o  t h e  s t a r t i n g  c o l l a r  and t h e  machine 
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speed i s  increased t o  the  des i red  drawing speed. 
versed, placing the fi lament i n  the  center  of t h e  winding mandrel. 
mately 45 min i s  required t o  fabricate a 1/8-in.-thick NOL r ing .  

The machine i s  then t ra -  
Approxi- 

b.  NOL-Rlng Processing Equipment 

Winding f i x t u r e s  were required f o r  t h e  f ab r i ca t ion  of 
They cons is t  of four  major NOL r ings  d i r e c t l y  from t h e  monofilament furnace.  

components (see Figure 6 ) .  The center  sec t ion  has  a l - l /b- in . -dia  hole  t h a t  
i s  used t o  fas ten t h e  u n i t  t o  the s h a f t  of t h e  take-up mch ine .  An i n s e r t  
w a s  made for t h i s  hole t o  f a c i l i t a t e  machining of t h e  outs ide  surface of  t h e  
composite r i n g  with a 1/2-in.  rou te r .  
t o  permit removal of t he  composite from t h e  f i x t u r e .  

The two f langes  can r e a d i l y  be removed 

(1) Cutt ing Fixture  

A j i g  w a s  designed and f ab r i ca t ed  f o r  use i n  
cu t t i ng  t h e  NOL r ing  i n t o  t e s t  specimens (Figure 7 ) .  
preparat ion of sFecimens f o r  inter laminar-shear  t e s t i n g  and microscopic 
examination. 

It f a c i l i t a t e s  accura te  

(2 )  S t a r t i n g  Fixture  

A s t a r t i n g  f i x t u r e  (Figure 8), 6-1/4-in. i n  diame- 
t e r  and 4 i n .  wide, was designed and f ab r i ca t ed  f o r  use i n  s t a r t i n g  the  g l a s s  
fi lament on t h e  r ing- fabr ica t ion  f i x t u r e  i n  order  t o  provide a means of con- 
t r o l l i n g  t h e  f i b e r  diameter during s t a r t -up .  

( 3 )  Traversing Mechanism: 

A f i lament - t ravers ing  mechanism w a s  designed and 
constructed t o  f a c i l i t a t e  t h e  f ab r i ca t ion  of uniformly wound NOL r ings .  It 
cons is t s  of a brass  guide a t tached  t o  a 1/4-in.-dia rod t h a t  i s  fastened t o  
a l /k- in . - thick mounting p l a t e  using a s ing le -ba r re l  hinge. 
pos i t ion ,  t he  rod i s  perpendicular t o  the mounting p l a t e  and i s  held f i rmly  
i n  a 3/8-in. groove i n  a Teflon cam by a co i led  sp r ing  fas tened  t o  the  rod 
and the  mounting p l a t e .  The cam i s  designed t o  cause t h e  rod t o  o s c i l l a t e  
1/4 i n .  o r  t h e  width of t he  winding mandrel. 
t o  a mounting by means of a lead  screw t h a t  permits  easy  alignment t o  t h e  
winding mandrel. 

I n  t h e  operat ing 

This  e n t i r e  mechanism is  a t t ached  

(4 )  Heated-Resin Container 

To accommodate t h e  app l i ca t ion  of a 100$-solid 
matrix r e s i n  independently from t h e  f i n i s h  o r  i n  an  i n t e g r a l  f i n i s h - r e s i n  mix, 
a res in-hea t ing  container 4 i n .  high by 3 i n .  i n  diameter w a s  fabricated. A 
copper f i t t i n g  i s  welded t o  t h e  bottom; fas tened  t o  t h e  f i t t i n g  i s  a needle 
valve,  which i s  connected t o  t h e  app l i ca to r  pad by a 1/4-in.  copper tube .  The 
t o p  of t he  container is sealed with a polyethylene cover.  
by means of fou r  res i s tance  elements fas tened t o  i t s  e x t e r i o r  and connected t o  
a 10-amp Powerstat t h a t  i s  used t o  ad jus t  t he  temperature .  

The u n i t  i s  heated 
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2. NOL-Ring Fabrication Process 

The NOL r ings  were fabr ica ted  by drawing a monofilament 
d i r e c t l y  from t h e  monofilament furnace, passing it over the  ro l l e r - coa te r  and/ 
o r  pad appl ica tor ,  and winding the  coated fi lament onto an NOL-ring fabrica-  
t i o n  f i x t u r e .  Good processing techniques were required.  The f n i t i a l  process 
used i n  NOL-ring f ab r i ca t ion  d i r e c t l y  from t h e  fiber-forming furnace i s  
described below. 

The furnace w a s  charged with glass ,  w a s  heated t o  t he  glass-  

A g las s  level  of 1-1/4 t o  1-1/2 i n .  w a s  maintained during conditioning 

1f conditioning temperature, and was 
f ined.  
and r i n g  fabr ica t ion .  

conditioned" u n t i l  t h e  g lass  was properly 

After conditioning, t h e  g l a s s  fi lament was atbached t o  t h e  
s t a r t i n g  f i x t u r e  of t h e  take-up machine. The machine speed was slowly increased 
t o  t h e  des i red  value. The fi lament was brought i n  contact with the  r o l l e r  
coater  and/or t he  f e l t  pad, and the  newly formed f i b e r  w a s  coated with a 
f in i sh - re s in  so lu t ion  by t h e  ro t a t ing  wheel of t h e  r o l l e r  and/or t he  pad. 

The coated fi lament,  a f t e r  reaching t h e  desired drawing 
speed, was  t raversed from t h e  s t a r t i n g  f ixture  t o  t h e  winding mandrel. The 
reservoi r  of t h e  r o l l e r  coater  was maintained a t  a constant l e v e l  t o  ensure 
that an adequate amount of f i n i s h  was appl ied t o  t h e  f i b e r .  
up of 1/32 i n .  over the  prescribed r ing thickness  was added t o  ensure t h e  
proper r i n g  dimensions. After  t he  rings were cured, they were mounted on a 
rou te r  and were machined t o  t h e  required thickness .  

A fi lament bui ld-  

The NOL-ring composites (Figure 9) were cut i n t o  horizontal-  
shear specimens i n  accordance with AS" Method 02344-65T. 
mounted on a shop a i d  t o o l  (figure 7) and w a s  cut with a water-cooled diamond 
saw.  

The r ing  w a s  

3 .  NOL-Kng Process 3ptimization 

Before tne candidate materials a i i G  teclxiiques could be 
screened, it was necessary t o  (a) modify e x i s t i n g  f a c i l i t i e s  and f ix tu re s ,  
(b) evaluate  these  modifications,  and (c)  determine t h e  optimum f i b e r i z a t l o n  
parameters with Hi-Stren g l a s s  i n  the f ab r i ca t ion  of NOL r ings d i r e c t l y  from 
the  monofilament furnace. 

Thirty NOL-ring composites were made t o  evaluate t h e  f a c i l i t y  
and Fptimum f i b e r i z a t i o n  parameters. The r i n g  

thickness  w a s  var ied  from 1 1 6  rs, t o  1/4 i n .  Two important c r i t e r i a  were de te r -  
modifications,  f i x t u r e  des i  

mined i n  these  experiments: 
dens i ty  of t he  f i laments .  The filament. packing w a s  evaluated by microscoFic 
comparison with NOL r ings  fabr ica ted  from 20-end roving. 
s c a t t e r  i n  Table 6 r e s u l t s  from varying the  processing parameters t o  achieve 
a high-qual i ty  t es t  specimen. 

t h e  r e s in  content of t he  composites and t h e  packing 

The -&de da ta  
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a.  NOL Rings Fabricated from Hi-Stren Monofilament and 
S-994 20-End Roving 

S ta r t ing  with the  f irst  fabr ica t ion  experiment, it was 
apparent t h a t  NOL r ings  fabr ica ted  d i r e c t l y  from the  furnace had fi lament 
packing superior t o  that of r ings fabr ica ted  with 20-end roving. 

f i gu re  1 0 A  reproduces a photomicrograph of t h e  cross  
sec t ion  of a r i n g  fabr ica ted  with 20-end roving, and Figure 10B t he  cross  

i za t ion .  The l a t t e r  has c lose r  packing and subs t an t i a l ly  fewer voids; i t s  
improved qua l i ty  ind ica t e s  good wetting of t he  nascent f i lament .  

s ec t inn  of I r i n g  fahricztec? V5,th 2 m c ? c s f i l a m e c t  imedis te ly  fsll=l,-ing f T ? x Y -  

b .  Evaluation of S ta r t ing  Fixture  

f igu re  11 reproduces photomicrographs of two r ings  made 
t o  evaluate t h e  f i b e r - s t a r t i n g  f i x t u r e .  In  Figure 11B, the  f i b e r  w a s  s t a r t e d  
d i r e c t l y  on t h e  winding mandrel; i t  produced large-diameter f i laments  and 
res in- r ich  areas  as seen a t  the  l e f t .  

The slow speed a t  which t h e  f i b e r  must be s t a r t e d  
(1000 fpm) r e su l t s  i n  excessive r e s i n  pickup and a loosely packed r ing .  
s t a r t i n g  f i x t u r e  shown i n  Figure 8 w a s  designed t o  overcome t h i s  problem; 
Figure 1lA shows a r ing  fabr ica ted  with i t s  a id .  
r e s i n  d i s t r ibu t ion  are obtained by reducing t h e  f i b e r  diameter ( i .e . ,  by 
increasing the  drawing speed) while t he  f i b e r  is at tached t o  t h e  s t a r t i n g  
f i x t u r e  . 

The 

Uniform f i b e r  diameter and 

After it was determined that t h e  f i x t u r e  and f i b e r -  
furnace modifications were adequate t o  ensure s u i t a b l e  t e s t  specimens, an 
experiment w a s  designed t o  determine the  optimum f i b e r i z i n g  parameters. 

c .  Study of  Optimum Fiberizing Parameters 

O p t i m u m  conditions a r e  required f o r  t he  production of 
g l a s s  f i b e r s  having a high t e n s i l e  s t rength  and modulus of e l a s t i c i t y .  
parameters selected f o r  study i n  t h i s  experiment were the  drawing speed, 
g lass  temperature, and f iber-furnace g lass  l e v e l .  

The 

Optimum Hi-Stren f i b e r  proper t ies  had previously been 
obtained with a glass temperature of 292O0$‘, a g l a s s  l e v e l  of 1-1/2 in . ,  and 

The first r ing  made wi th  these  parameters 
a (Thble drawin7 6 had a loosely packed composite. After subsequent r ings  were f a b r i -  
cated a t  various speed, leve ls ,  and temperatures, t h e  following parameters 
were se lec ted :  a drawing speed of 10,000 fpm, a g la s s  temperature of 2920°F, 
and a g l a s s  leve l  of 1-1/4 i n .  

speed of 5750 fpm. 

Both t e n s i l e  and shear  r ings  were f ab r i ca t ed .  A few 
were t e s t e d  f o r  mechanical proper t ies  i n  accordance with ASTM spec i f i ca t ions  
(see Appendix); the  r e s u l t s  a r e  shown i n  Table 6. 
examined photomicrographically f o r  f i lament packing and voids (see Figures 1 2  
and 1 3 ) .  

Most of the  r ings  were 

The res in  content and voids were determined by dens i ty  and res in-  
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burnoff measurements. 
a drawing speed of 3500 fpm t o  handle t h e  wide range of physical  p roper t ies  of 
t h e  var ious matrix mater ia ls .  

Subsequent s tud ies  (Table 7 )  resu l ted  i n  t h e  se l ec t ion  of 

4. Methods of Finish Application 

a. One-Step Application ( In t eg ra l  Nix) 

An experiment was undertaken t o  evaluate  nine coupling 
The agents (see Table 8), using a one-step process t o  apply the  f i n i s h  r e s in .  

coupling agent and the  w o n  828 r e s i n  system were blended i n t o  a homogeneous 
100$-solids mixture, which was  applied by t h e  fe l t -pad  technique. The r e s i n  
was supplied t o  the  pad a t  a constant,  predetermined temperature se lec ted  t o  
y i e l d  an optimum v i scos i ty  f o r  good coating and wetting. 
composition was as follows: 

The f in i sh - re s in  

Pa r t s  by Weight 

&on 828 epoxy r e s i n  52.0 

Nadic methyl anhydride (NMA) 42.0 

Benzyldimethylamine (BDMA) 0.5 
Coupling agent 5.5  ( i - e - ,  5.5 

The r ing  fabr ica ted  using A-1100 (Rlng 10, Table 8) 
was se lec ted  as the  control.  Its average interlaminar-shear s t rength  was 
10.8 k s i  . 
Ring 26, fabr ica ted  without a coupling agent.  Figure 14  shows the  horizontal-  
shear- tes t '  specimens before and a f t e r  t h e  water b o i l ;  it demonstrates t he  edge 
e f f e c t  and reveals  t he  appearance a f t e r  bo i l ing  f o r  t he  various coupling agents.  

An extremely low 6-hour water-boil s t rength  w a s  obtained from 

b. Two-step Application 

I n  t h e  two-step process, t he  f i n i s h  was appl ied by the  
roller coater 12 i n .  below the  bushing, and the  heated m t r i x  r e s i n  w a s  appl ied 
by t h e  f e l t  pad 36 i n .  below the bushing as a io@ suiiii. 
duced a r i n g  (Ring 31, Table 9) yielding the  highest  average interlaminar- 
shear s t r eng th  (13.4 k s i ) .  
r i ngs  from t h i s  experiment yielded lower interlaminar-shear s t rengths  and w e t -  
s t r eng th  re ten t ions  than comparable r ings made by the one-step-application 
process.  This difference i s  a t t r i b u t e d  t o  the  coupling-agent concentration 
(1.2 w t $  f o r  t he  two-step process vs 5.5 w t $  f o r  t h e  one-step process).  

?:is approach pr== 

When subjected t o  a &hour w a t e r  b o i l ,  however, 

The coupling agents were subs t i tu ted  i n  the  following 
formulation : 

%on 828 epoxy r e s in  
NMA 
BDMA 
Acetone solvent 
Coupling agent 

Pa r t s  by Weight 

52.0 
42.0 

0.5 
350.0 

5.5 ( i .e. ,  1.2 w t $ )  



F. EXPERIMENTAL RESULTS 

1. Process Evaluation 

The general  improvement i n  wet-strength r e t e n t i o n  r e su l t i ng  
from t h e  use of coupling agents  i s  shown i n  f i g u r e  15; cons i s t en t ly  higher  
horizontal-shear  values  are evident.  There i s  some ind ica t ion  that one-step 
f i n i s h  appl ica t ion  provides higher s t rengths  than  the  two-step process,  per- 
haps because the  coupling-agent concentrations f o r  t he  one- and two-step 

f i n i s h  and resin-matrix s o l i d s .  
nrnnaeclacl yA.-uuuuL,, --Au- w L L b  5.5 ana l.z$, i-espectT?iel>-, base6 011 i ~ e  t u t a i  weignt of t ne  

An NOL r i n g  was f ab r i ca t ed  by t h e  two-step process with a 
coupling-agent concentration of 5.7 w t %  t o  determine whether t h e  shear-s t rength 
difference could be a t t r i b u t e d  t o  process d i f fe rence  or coupling-agent con- 
cent ra t ion .  The r e s u l t s  shown f o r  Ring 1.05 i n  Table 10 ind ica t e  comparable 
wet-strength r e t en t ion  f o r  t h e  one- and two-step processes when t h e  coupling- 
agent concentrations are equivalent .  

Figure 16 appears t o  ind ica t e  t h a t  t h e  use of coupling 
agents  does not  improve t h e  horizontal-shear  s t r eng th  a t  room temperature. 
It a l s o  appears t h a t  a higher coupling-agent concentrat ion (i .e., 5.5 wtk 
f o r  one-step app l i ca t ion  vs 1.2 wt5 f o r  two-step app1ica t ion) resu l ted  i n  a 
lower inter laminar-shear  s t r eng th  a t  room temperature (Figure 16) and a t  
-423OF (Figure 1 7 ) .  The z-6030 coupling agent,which exhib i ted  exce l len t  
cryogenic-shear proper t ies ,  w a s  an exception; t h e  value presented i n  Figure 
17 i s  an average of s i x  separa te  determinations.  
an ind ica t ion  tha t  t h i s  coupling agent cont r ibu tes  t o  high shear  s t r eng ths  
a t  - 423 OF. 

This performance may be 

Figures 15 through 17 and Tables 8 and 9 appear t o  i n d i c a t e  
that t h e  use of coupling agents  has a g rea t e r  in f luence  on wet-strength re- 
t e n t i o n  than on room-temperature and cryogenic shear  s t r eng ths .  

The 2-6040 coupling agent,  a glycidoxypropyltrimethoxy- 
s i l ane ,  provided t h e  highest  wet-s t rength-retent ion value (89.0%) of t h e  
coupling agents  evaluated (Table 8 ) .  I ts  good performance w a s  expected, 
but it i s  d i f f i c u l t  t o  explain t h e  good performance of A-172 (76.3%), which 
i s  a vinyl-s i lane designed f o r  use with po lyes t e r  r e s i n s .  

2. Water Absorption 

Figures 18 and 19 show a d e f i n i t e  c o r r e l a t i o n  of hor izonta l -  
shear s t r eng th  with water absorpt ion.  
g rea t e r  shear s t rength  af ter  a water b o i l  than t h e  two-step process,  bu t  t h i s  
i s  explained on the  basis of d i f fe rence  i n  coupling-agent concentrat ions 
(5.5 vs  1 .2  wtk). 
w e t  -s t rength-retent ion proper t ies .  

The one-step process appears t o  o f f e r  

I n  general ,  2-6040 cons i s t en t ly  provided t h e  most favorable  

3 .  Effect  of Voids on Interlaminar-Shear Strength 

Figure 20 shows t h e  effect  of voids  on composite s t rength ;  
the  data were taken from Tables 8 and 9. The void  content  w a s  ca lcu la ted  from 
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t h e  spec i f i c  gravi ty  of t he  g l a s s  and the r e s i n  matrix. Because t h e  spec i f i c  
grav i ty  of the g lass  can vary according t o  the  thermal h is tory ,  t h e  void- 
content calculat ions a re  subject  t o  considerat le  uncertainty;  when t h e  void 
content was  very low, t he  calculated values were negative f o r  many specimens. 
The data i n  Figure 20 nevertheless indicate  a d e f i n i t e  cor re la t ion  between void 
content and t h e  interlaminar-shear s t rength of t he  Epon ~~~/NMA/BDMA system with 
various f in i shes .  Specimens with zero-void content exhib i t  a range of room- 
temperature shear s t rengths  between 11.4 and 13.4 ksi;  t he  var ia t ion  i n  type 
of f i n i s h  probably contributed t o  t h i s  spread. When an appreciable void 
content was calculated,  the  specimens showed much lower horizontal-shear 
s t rengths  . 

The use of a single-end g l a s s  roving f o r  NOL-ring fabrica-  
t i o n  i s  expected t o  make the  reduction of voids more d i f f i c u l t .  
(Ref. 13) repor t s  t h a t  a low void content i n  a single-end-filament, epoxy-resin 
composite requires  the  use of a surface-active agent t o  reduce the  contact 
angle,  and that o s c i l l a t i o n  of t he  s t rand mechanically re leases  the  occluded 
a i r .  

Bascom 

4. Performance of Resin Systems 

The epoxy-resin systems evaluated showed a shear-strength 
range from 1.87 t o  11.4 k s i  a t  room temperature (Table 11). 
have high ambient values also have high interlaminar-shear s t rengths  a t  -423OF 
(e.g., Rings 43, 46, 55, 65, 71, and 72). It does not  appear possible,  how- 
ever,  t o  pred ic t  t he  cryogenic-shear-strength performance from ambient- 
s t rength  data. Systems i n  which the  r e s in  s o l i d s  were l e s s  than loo$ showed 
a tendency toward low shear s t rengths  a t  ambient and cryogenic temperatures 
(e.g. ,  Rings 40, 48, 50, 57, 58, 61, 66, and 74). 
w a s  obtained from t h e  polyester  res ins  (Rings 64, 75, and 7 6 ) ,  but it i s  
bel ieved that higher r e s i n  contents are required w i t h  these  sys5ems than 
with the epoxies. 
urethane-modif ied epoxy) yielded subs t an t i a l ly  increased s t rengths  a t  cryo- 
genic temperatures as compared wtth t h e  room-temperature values.  

The systems t h a t  

. 
Relat ively low s t rength  

Flexible  systems (epoxy, polyester ,  butadiene-styrene, and 

Rings 67 and 68 had  an epoxy-nylon f i l m  fu r r r e r  i i i  the f i n i s h  
with t h e  standard Epon 828/NMA/B3MA system; it w a s  believed tha t  the good 
low-temperature proper t ies  reported for the  epoxy-nylon (Ref.  9) would i m -  
prove t h e  cryogenic performance, bu t  no s ign i f i can t  improvements w e r e  obtained. 
The l o w  values reported f o r  Hr,g 69 using Union Carbide Em-390 r e f l e c t  
t h e  processing and curing d i f f i c u l t i e s  encountered. This r e s i n  requires  
s p e c i a l  curing and handling t o  obtain the  high interlaminar-shear s t rengths  
repor ted  i n  the l i t e r a t u r e *  

Wet s t rength  i s  considered a s a t i s f a c t o r y  measure of i n t e r -  
facial-bond s t rength,  and the  s t rength r e t e n t i m  after a 6-hour water b o i l  i s  
very high f o r  a f e w  systems (Rings 50, 66, 69, 74, and 75). These r ings  a l s o  
have low ambient-temperature shear strengths,  and the  r e s u l t s  are therefore  
considered ind ica t ions  of resin-processing d i f f i c u l t i e s  rather than coupling- 
agent performnce.  



The r e s u l t s  presented i n  Table 11 r e f l e c t  t he  e f f e c t s  of t he  
r e s i n  system and curing agent on inter laminar  shear, because only two coupling 
agents were used i n  t h i s  phase of the  work. 
phenolic, urethane, and modified-epoxy res ins ,  and the  A-172 w a s  used with 
polyesters  and styrene-butadiene i n  integral-mix systems. 
r e l a t i v e l y  narrow range of room-temperature horizontal-shear e f f e c t s  shown i n  
Tables 8 and 9 (one r e s i n  system and many coupling 
t h a t  a change i n  coupling agent f o r  t he  various systems reported i n  Table 11 
would have l i t t l e  e f f e c t  i n  t h i s  regard and t h a t  Table 11 can therefore  be 

optimization i n  a coupling-agent study. 

The A-1100 was used f o r  a l l  epoxy, 

Because of the  

agents) ,  it i s  believed 

rrcn;l Cr \  --l,...+ +L- 1:1-- -1- -  _ _ _ _  2.- J > ~ - L - -  n- 
vu 03\;LGLu uIIc Illvat LU-SL~ L C ~ U  c u u u u u ~ e b  A u r  cryogenic study and for 

5 .  Water-Displacement Study 

This experiment was designed t o  determine the  e f f e c t  of dis-  
placing water from t h e  surface of g l a s s  f i b e r s  by means of compounds con- 
ta in ing  polar  and nonpolar groups. 
f i n i s h  and t h e  matrix r e s in .  
pounds spread rapidly over t h e  water surface as a r e s u l t  of  t h e i r  high 
spreading coef f ic ien ts  and low v i s c o s i t i e s .  The spreading compound r ead i ly  
displaces  a th in  water l aye r  (no grea te r  than a f e w  mill imeters t h i ck )  from 
the  g l a s s  surface.  This condition e x i s t s  f o r  a shor t  period u n t i l  t he  com- 
pound has evaporated; a f t e r  evaporation, water f i l l s  i n  t h e  dry spaces. 

The compounds were appl ied ahead of t h e  
Zisman has reported (Ref. 14) t h a t  such com- 

The r e s u l t s  of the water-displacement study a r e  presented 
i n  Table 12. The se lec ted  compounds were appl ied by t h e  r o l l e r  coater  located 
approximately 12  i n .  below t h e  g l a s s  bushing. 
approximately 36 i n .  below the  bushing was used t o  apply a homogeneous f i n i s h -  
r e s i n  mixture t o  t h e  f i b e r .  
coupling agent i n  a 1007- o s o l i d  so lu t ion  were used. 

The fe l t -pad  appl ica tor  

The Epon 828/ rn /~~m r e s i n  system and A-1100 

Comparison of t he  data presented i n  Tables 8, 9, and 1 2  
ind ica tes  t h a t  the room-temperature and 6-hour water-boi l  s t rengths  a r e  
approximately t h e  same and t h a t  t he  use of  polar-nonpolar compounds yielded 
no apparent benef i t s .  

The vapor pressure of t he  water-displacing agent should be 
considered i n  evaluating t h e  data i n  Table 12. 
w a s  applied i n  close proximity t o  the  f ibe r i z ing  bushing, which operates a t  
2700'F. 
they had p a r t l y  evaporated by t h e  t i m e  the  f i n i s h - r e s i n  matrix w a s  appl ied.  
Higher-boiling-point d i sp lac ing  agents m y  prove more e f f ec t ive  than t h e  
present da ta  ind ica te .  

I n  t h i s  experiment, t h e  agent 

The selected agents have low bo i l ing  poin ts ,  and it i s  possible  t h a t  

6. Lubricant/Wetting Agents 

Typical lubr icant  /wetting-agent compounds used i n  the  
indus t ry  were tes ted  and t h e  r e s u l t s  are shown i n  Table 13. The compounds 
used i n  Rings 82, 83, and 84 ( a l l  I C 1  Organics Company materials) provided 
comparable s t rength re ten t ion  af ter  a 6-hour water b o i l .  
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Experimentation provides the  only bas i s  f o r  s e l ec t ion  of 
l u b r i  cant/wetting-agent compounds. 
process a l l  inf luence t h e  performance. 
t e r i s t i c s  f o r  t he  present appl icat ion,  as measured by wet-strength r e t en t ion  
(Table 13).  

The r e s in ,  t h e  concentration, and t h e  
Ci r raso l  220 provided t h e  best charac- 

7. P l a s t i c i z e r s  

Table 14 shows t h e  cryogenic performance of f l e x i b i l i z e d  
epoxy systems. 
zer,  and coupling agent was used i n  the preparation of NOL r ings .  The A-1100 
coupling agent was i n i t i a l l y  used, but was found t o  r eac t  w5th the  system. 

An i n t e g r a l  blend of @on 828, Shell Curing Agent "D," f l e x i b i l i -  

The data  i n  Table 1 4  show t h a t  t he  g rea t e s t  percentage of 
increase i n  cryogenic shear s t rength  i s  obtained by the  low-modulus systems, 
but  t h e  absolute  values w e r e  much grea te r  f o r  t h e  higher-modulus r e s i n s .  
Increasing t h e  percentage of f l e x i b i l i z e r  decreases the  room-temperature shear 
s t rength  as w e l l  as the  cryogenic. 
experiment d id  not seem t o  o f f e r  much advantage, as measured by s t r eng th  re- 
t en t ion  after a water b o i l .  

The A-186 coupling agent used i n  this 

The da ta  i n  Table 1 4  ind ica t e  that the  Versamid and poly- 
su l f ide  modified epoxies a r e  su i t ab le  candidate f l e x i b i l i z e r s .  

111. CONCLUSIONS AND RECOMMENDATIONS 

It can be concluded that (a) coupling agents have a far g rea t e r  e f f e c t  
i n  improving wet s t rength  than they do i n  improving room-temperature or cryo- 
genic proper t ies ,  (b)  epoxies and modified epoxies o f f e r  t h e  g rea t e s t  po ten t i a l  
f o r  cryogenic appl icat ions,  (e )  t h e  selected p l a s t i c i z e r s  demonstrated good 
cryogenic proper t ies ,  (d) t h e  lubricant/wetting agents se lec ted  f o r  study 
have l i t t l e  or no e f f e c t  on composite propert ies ,  and ( e )  t h e  monofilament- 
wound NOL r i n g  i s  a s a t i s f a c t o r y  and inexpensive t o o l  f o r  use i n  evaluat ing 
t h e  interfacial-bond s t rength  of g lass / res in  composites. 

It i s  recommended t h a t  tne Task IT riiid 171 r i t e r k l  eT,m,>2=tic?n he con- 
f ined  t o  five matrix res ins ,  i n  addi t ion t o  E-pon 8 2 8 / w / m  with A-1100 
coupling agent as t h e  cont ro l  system; four  f i l m  formers; and th ree  coupling 
agents .  
single-end Hi-Stren roving. 

This would yield 61 combinations f o r  NOL-ring f ab r i ca t ion  with 

Processing s tudies  w i l l  be conducted i n  addi t ion.  They w i l l  include (a) 
fabrication-parameter s tudies ,  (b) the e f f e c t  of u l t rasonics  on t h e  mechanical 
p rope r t i e s  of composites, and ( c )  the effect of f i l l e r s  (s i l icon-carbide 
whiskers, e t c .  ) on interlaminar-shear s t rength .  

The re s ins ,  film formers, and coupling agents suggested f o r  t he  ensuing 
work are l i s t ed  below, together  with reasons f o r  t h e i r  se lec t ion .  

A. MATFUX FC3SINS 

The r e s i n  systems recommended f o r  evaluation include the following: 



1. Araldi te  6005 r e s i n  and Araldi te  957 curing agent as repre- 
sent ing a system t h a t  has good interlaminar-shear s t rength  a t  room and cryo- 
genic temperatures a s  wel l  a s  a f t e r  a 6-hour water b o i l .  

2. Epon 815/Versamid 140, a s l i g h t l y  more f l e x i b l e  system having 
ambient-temperature and cryogenic (23.2 k s i )  shear s t rengths  equivalent t o  
those of t h e  foregoing system. 

3. Epon 815/LP-3 (polysulf ide) ,  a s t i l l  more f l e x i b l e  system 
havi n z  Sl5ght.l:~ refil~c.,ec? crysgznl c-shear ~ i - ~ F e ~ ~ t i e s :  (21. k s i  ) . 

4. w o n  826/~pon 871/Adiprene L-lOO/MOCA, a system developed i n  
a concurrent program (under Contract NAS 3-6287), reported t o  have promising 
cryogenic propert ies ,  and included a t  the  request of NASA. 

5 .  Epon 8 2 8 / ~ ~ % / 3 1 6 2 - ~ / m m ,  another development under Contract 
NAS 3-6287 reported t o  have promising cryogenic proper t ies  and included by 
NASA request .  

B. FILM FOFMERS 

Film formers based on the Ara ld i te  6005, Epon 815/Versamid 140, 
and Epon 815/LP-3 r e s in :  systems a r e  recommended f o r  fu r the r  evaluation, i n  
addi t ion t o  urethane-modified epoxy r e s i n .  
with the  matrix resins, cover a range of room-temperature f l e x i b i l i t y ,  and 
have good cryogenic-shear proper t ies .  

These f i l m  formers a r e  compatible 

C.  COUPLING AGEDFCS 

The coupling agents recommended f o r  f u r t h e r  evaluat ion include t h e  
following : 

1. 2-6040, which demonstrated good shear proper t ies  a t  room 
temperature,after a &hour water b o i l ,  and a t  -423OF. 

2. 2-6020, which demonstrated good inter laminar-shear  proper t ies  
when evaluated i n  a two-step appl ica t ion  process under a l l  t h ree  t e s t  conditions.  

3. A-186, which demonstrated good compatibi l i ty  with the  f l e x i -  
b i l i z e r s  evaluated i n  Task I. 

18 
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STFENGTH AND MODULUS VALUES FOR HI-STEIEN GLASS 
MONOFILAMENTS AT ROOM TEMPERATURE AND -32OoF* 

Tens i l e  Pro pe rt i e  s 

A t  Room Temp Fiber  
Fiber  Diameter Strength Mo ulus 

No. in .  ks i 1 0  ps i  

1 0.000361 594 139 05 

- 

2 0.000361 739 13.69 

3 0.000361 767 13- 58 

4 0.000361 771 14.15 

5 0.000354 3 OF 13.09 

6 0.000354 709 13 13 

7 0.000355 688 13.10 

8 0.000377 85 7 15. 223Hc 

Av 0.000361 13.40 - 

A t  -320°F 

Strength Mo ulus  
k s i  10 2 D S i  

1054 14.64 

No t e s t  - 
1261 14.37 

1318 15-57 

1099 14.46 

64TW 14.38 

826 14.62 

1024 17. 5OM 

- 1097 14.67 

Ratio of  g roper t ies  
a t  -320 F and 

Room Temp 

Tensile Tensile 
Strength Modulus 

1.77 1.12 

1.71 

1.71 

1.06 

1.10 

- 1.10 

- 1.10 

1.20 1.12 

1.19 - 

1.51 1.10 - 

Y 

"Gage length = 1.00 in .  S t r a i n  r a t e  = 2@/min. Room-temperature tests a t  100°F 
and a r e l a t i v e  humidity of  6%. 

Value considered not representat ive of batch and not included i n  averages 
or r a t i o s .  

+3t 

Table 1 



TABLE 2 

R E S I N  MANUFACTURERS AND SUPPLIERS SURVEYED 

Firm 

A l l i e d  Chemical Corporation, P l a s t i c s  Division 

American Cyanamid Company, P l a s t i c s  and Resins Division 

Armstrong Products Company, Inc.  

Cata l in  Corporation of  America 

Ciba Products Company, Technical Sa les  Department 

Dow Corning Corporation 

Durez P l a s t i c s  Division, Hooker Chemical Corporation 

Emerson & Cuming Corporation 

En j ay  Chemical Company 

Epoxyli t e Corporation 

FMC Corporation, Organic Chemicals Division 

Freeman Chemical Corporation 

Furane P la s t i c s ,  Inc. 

General E lec t r i c  Company, Chemical Materials Department 

Glidden Company, The 

I n t e r p l a s t i c s  Corporation (George Woloch Company, Inc.  ) 
Isochem Resins Company 

Jones-Dabney Company, Resin and Chemical Division 

Monsanto Chemical Company, P l a s t i c  Division 

Narmco Research and Development Divis ion.  Whittaker Corp. 

Pi t tsburgh Pla te  Glass Company, Coatings and Resin 

Reichhold Chemica ls ,  Inc. 

Rohm & Haas Company 

S h e l l  Chemical Company, P l a s t i c  and Resin Divis ion 

Union Carbide P la s t i c  Company, Division of  Union 
Carbide Corporation 

United S t a t e s  Rubber Company, Naugatuck Chemical 
Division 

Division 

Lo c a t  i on  

Morristown, N . J .  

Wallingf ord,  Conn. 

Warsaw, Ind. 

New York, N.Y. 

F a i r  Lawn, N . J .  

Midland, Mich. 

North Tonawanda, N.Y. 

Canton, Mass. 

New York, N.Y. 

South E l  Monte, Calif. 

New York, N.Y. 

Port  Washington, Wisc. 

Los Angeles, Ca l i f .  

P i t t s f i e l d ,  Mass. 

Cleveland, Ohio 

New York, N.Y. 

Providence, R. Io 
Louisv i l le ,  Ky. 

S t .  Louis, Mo. 

Costa Mesa, Calif. 

Pi t tsburgh,  Pa. 

White P la ins ,  N.Y. 

Phi ladelphia ,  Pa. 

New York, N.Y. 

New York, N.Y. 

Naugatuck, Conn. 

Table 2 



CANDIDATE COUPLING AGENTS 

Trade 
DesiRnation Manuf'ac t u r e  r Chemical Name and Formula 

A-1100 y-aminopropyltriethoxysilane Union Carbide 
Corporatfon 

V i n y l t  ris ( 2-methoxyethoxy ) s i l a n e  Union Carbide A-172 

H2C=C-Si( OC2H40CH 3 3  ) 

A-174 Union Carbide 

m o  
&3 // or2= -c-ocH*cH2cH2si (OCH ) 3 3  

f3-3,4- (epoxycyclohexyl )e thyl t r imethoxys i lane  A-186 Union Carbide 

I -  

2-6020 7- ( t r i w t h o x y s i l y l p r o p y l  )ethylenediamine 

(cH30);si(cH2)3M(cH2 I2m2 

Dow Corning 
Corporation 

Dow Corning z-6030 y-methacryloxypmpyltrimethoxysilane 

Dow corning Z -6 040 y-glycidoxypropyltrimethoxysilane 

* 
Organic a c i d  chrome complex Volan E 

Volan L 

E. I. du Pont de 
Nemours & Company 

Du Pont Methacrylato chmmic chloride' 

* 
S t r u c t u r a l  formula f o r  Volan E and L (which r e s p e c t i v e l y  con ta in  17-19 and 
19-21$ chrome complex): 

I F3 e - crc12 OH 

b crc1* 4 
m = c -  2 

Table 3 



j 
, 
! 
i 

TABm 4 

CANDIDATE PLASTICIZERS AND LUBRICANT/WETTING AGENTS 

Tre.d.k 
.Designation Suppl ier  

P l a s t i c i z e r s  

Aliphat ic  amide amine Epi-cure 855 Jones -Dabney Company 

Polyamides 

Polysulf ides  

Tr imer  ac id  

Versamid 100, 115, General M i l l s ,  Inc. 
125, and 140 

LP-3, LP-8, and LP-33 

3 162 -D 

Thiokol Chemical Corporation 

Emery Indus t r ies ,  Inc. 

Lubricant/Wetting Agents 

AHCO-185 I C 1  Organics Company 

C i r r a so l  220 I C 1  Organics 

C i r r a so l  838 IC1 Organics 

Y -4186 Union Carbide Corporation 

L-527 Union Carbide 

Table 4 



CANDIDATE RESINS 

5 P e  Trade Name Suppl ie r  

Epon 815, 826, 828, 871, 
872, 949A & B, 1028-B-70 

Isochemrez 405, 408 
DEN 438, DER 331 
A r a l d i t e  6005 Ciba Products Company 

S h e l l  Chemical Company 

Isochem Resins Company 

Dow Chemical Company 

1 
Epoxy 
Urethane 

Urethane 

Urethane 

S i l i c o n e  

Polyamide 

ELS-3001, ERRA 0300 Union Carbide Corporation 

Oximn 2000 FMC Corporation 

Uralane 5721-A Furane P l a s t i c s ,  Inc.  

Adiprene L-100 E. I. du Pont de Nemours & Company 

Narmco 7343 Narmco Materials Divis ion  

DC-2106 Dow Corning Corporation 

XPI -182 American Cyammid Company 

Polyamide XPI -185 

Po lybu ta  diene ~ut01.1-150 

Phenol ic  sc 1008 

Epoxy -nylon Epon 949 
Po lyes t e r  Paraplex P-13 

Po lyes t e r  Paraplex P-43 

Po l y e  s t e  r 
F luom carbons Teflon T-30 

Butadiene-styrene Buton-100 

Phenol ic  e las tomer Narmco 2021 

Se lec t ron  5016 

American Cyanamid 

En j a y  Chemical Company 

En j a y  

Monsanto Chemical Company 

Na rmc o 

S h e l l  

Rohm & Haas Company 

Rohm & Haas 

Pi t t sburgh  P l a t e  Glass Company 

Du Pont 



TABLE 6 

NOL-RING FABRICATION STJDY 

- 

* 
Group 

No. 

1 

- 

1 

1 

2 

2 

2 

2 

2 

2 

2 

3 
3 
3 

3 
4 

4 
4 
4 

4 
4 

4 
4 

4 

4 

4 
4 

4 
5 

5 
5 

Ring 
No. 

1 

- 

2 

3 
4 

5 
6 

7 
8 

9 
10 

11 

l2 

13 

14 

15 

16 

17 
18 

1-9 
20 

21  

22 

23 

24 

25 

26 

27 

28 

29 

30 

Type of 
Tes t  Specimen 

Hor i zon ta l  s h e a r  

Hor i zon ta l  shea r  

Tens i l e  s t r e n g t h  

Hor i zon ta l  shea r  

Hor i zon ta l  shea r  

Tens i l e  s t r e n g t h  

Tens i l e  s t r e n g t h  

Hor i zon ta l  shea r  

I 
Hor i zon ta l  shea r  

Hor i zon ta l  shea r  

Tens i l e  s t r e n g t h  

Tens i l e  s t r e n g t h  

Hor i zon ta l  s h e a r  

Hor i zon ta l  s h e a r  

Hor i zon ta l  s h e a r  

Tens i l e  s t r e n g t h  

Hor i zon ta l  s h e a r  

Hor i zon ta l  shea r  

Hor i zon ta l  s h e a r  

Type of 
Glass 

4H -1 

4H-1 

4H-1 

H i - :  .en 

H i  -Stren 

S t r e n g t h  a t  
Room Temp 

ks iW 

7.281 ( a v )  

199.1 

Not t e s t e d  

5.000 ( a v )  

5.074 ( a v )  

Not t e s t e d  

2.235 

169.4 

220.3 

207.9 

Not t e s t e d  

Not t e s t e d  

Not t e s t e d  

* 
Group No. App l i ca t ion  

1 

2 Development and mod i f i ca t ion  of NOL-ring mandrels 

3 
)+ S t u d y  ot' f i b e r i z n t i o n  pwamete r s  

I n i t i a l  development Of NOL-ring winding d i r e c t l y  from bush ing  

Development of s t i r t i n g - c o l l a r  wiridinr technique 

2 Kstnhl is tmcnt  o f  r ange  of r e s i n - f i n i s h  s o l i d s  c o n t e n t  

**. 
(Av) = a v e r a g e  3s determined from f i v e  t e s t s .  

Remarks 

Poor wrap, f i l a -  

t o p  s u r f a c e  

Good wrap 

Good wrap 

Poor wrap 

Very loose  

Extremely loose  

Extremely loose  

Extremely loose  

F a i r  wrap 

F a i r  wrap 

Good w r a p  

F a i r  wrap 

Good wrap, dam- 
aged on removal 
from f i x t u r e  

Good wrap 

Poor m a p ,  
l oose  

G o o d  wrap 

Good wrap 

Damaged on re- 
moval from 
f i x t u r e  

Good wrap 

,.."-+" ,^^^^ ^- 
..I....IU A"".,\_ "il 

I 
Good wrap 

Damaged on r e -  
moval from 
f i x t u r e  

Good wrap 

G o o d  wrap 

Damaged on r e -  
moval from 
f i x t u r e  

I 
Damaged on r e -  
moval from 
f i x t u r e  

Winding 
Speed 
fm 

5,750 

8,000 

10,000 

7,000 
4,  h@O 

7,300 
2,200 

2,200 

10,000 

10,000 

8,600 

10, 

10.000 

Resin 
Content 
vt% - 
13.3 

13.3 
13.0 

12.8 

11s 

13.4 

11.2 

11.3 

11.9 

10.0 

8.7 
8.6 

10.2 

10.8 
10.9 

11.6 

8.25 

8. 

Table  6 



Ring 
No. 

1 

2 

3 
4 

5 
6 
7 
8 
9 

10  

- 

11 

12 

13 
14 
2.5 

16 

17 

Resin-Finish 
Sol ids ,  w t %  

- 
25 
25 
50 
50 
50 
50 
75 
75 

100 

75 
100 

100 

100 
i nn 
I W U  

100 

100 

Composite Proper t ies  

Resin Content Spec i f ic  
w t $  Gravity 

- 
13.3 
12.9 
10.6 

12.05 

10.7 
11.6 

13.4 

10.1 

13.4 

- 
2.09 

2.19 

2.17 

- 

- 

- 
- 
- 

2.18 

io .  65 2.17 
- - 

11.3 
14.0 2.14 
i n  n 
IC. 7 - 

12.0 - 

Horizontal-Shear Strength 
ks i 

A t  Room 
Temp 

- 
6.67 

6.20 
5.26 

5.09 

7.92 
4.07 
7.20 

8.74- 
io .  8 

6.28 
6.37 

6.26 
10.6 
n ni- 
7 - L,L.. '. " '' 
8.82 

10.4- 
io .  6 

- 

AtO 
Af t e r  6-Hour 
Water Boil  -423 F 

- - 
8.20 23.0 

21. j 7 c R  
I . / "  

7.94 19.6 

* 
All r ings  were f ab r i ca t ed  o f  Epon ~~~/NMA/BDMA i n  a weight r a t i o  o f  52/42/0.5< 
of  t h e  t o t a l  f i n i s h - r e s i n  m i x .  All r ings  were cured for 1 hour a t  2OO0F and 2 
temperature and a f t e r  a water b o i l  a r e  averages f r o m  f ive tests for each condil 

Tested a f t e r  a 2-hour water bo i l ;  a l l  o the r  t e s t s  followed a 6-hour water b o i l ,  
I 

Average based on t e n  t e s t s .  

of each of t hese  pairs o f  values represent averages f r o m  room-! 
on (1) an Ins t ron  t e n s i l e  tes ter  normally used for room-temperature t e s t s ,  and 
used f o r  -423OF t e s t i n g .  Tnis w a s  done t o  provide a comparison between t h e  ttY 
again  averaged. 



8 - 
E-STEP APPLICATION)* 

L Retention, % 
if ter 
-Hour 

;er  Boi l  

81.0 
63.0 
69.7 
76.3 
89. o 

67.7 
67. o 

9.3 
66.8 
89.5 

- 

-423 F 

177 
190 
16 9 
186 

193 

193 
195 
196 
3 45 
23 9 

- 

ComDo s i t  e Pro De rt ies 

Resin 
Content 
wt% 

13.4 
11.7 
12.5 
12.6 
11.8 

12.3 
12.2 

11.6 
11.8 
1 1 . 2  

- 

Spec i f  i c  
Gravity 

2.18 

2.18 

2.18 

2.20 

- 

- 
2.18 
2.13 

2.22 

2.20 

2.21 

Water 
Absorption 

w t %  

0.09 
0.09 
0.07 
0.125 
0.032 
- 

0.095 
0.24 
0.124 
0.22 

0.19 

Void 
Content 
vel% 

0.052 

0.53 
0.76 
0.25 

2.03 

- 

- 

3.09 
Negligible 

Negl igible  

0.726 

Led f o r  horizontal-shear  s t rength  a t  mom temperature and a f te r  a 6-hour 
ir -423OF a r e  averages f r o m  t h ree  tests p e r  r ing .  
ng agent was 5.5 w t $  o f  the f in i sh-b inder  i n t e g r a l  mix. 

Water absorp t ion  w a s  
Ring 100 w a s  

nents and coupling agent under the  bas i c  condi t ions adopted f o r  t h i s  



COUPLING-AGENT STUDY ( 1  

Ring 
No. 

1 0  

- 

18 
19 
21 

22 

233Hc 
24 
25 
26 

52 
100 

Coupling 
Agent 

A-1100  

A-174 
A-186 
A-172 

2-6020 

2-6040 

Volan E 

Volan L 
- 

z-6030 
2-6030 

Resin 
Sol ids  

w t %  

100 

100 

100 

100 

100 
- 
100 

100 

100 

100 

100 

Horizontal-Shear Stength,  k s i  S t  reng, 

A t  
Room 
Temp - 
i o .  8 
10.4 
11.9 
10.5 
10.9 
- 

i o .  6 
8.83 

8.19 
11.9 

10.4 

After  
6 -Hour 

Water Boil  

8.79 
6.53 
8.32 
8.02 

9-72  
- 

7.17 
5.91 

5.47 
9.34 

1.10 

At 
-423OF 

19.2 
20.5 
20.1 

19.5 
21.0 
- 

20.5 
17.2 
23.2 

28.2 

24.9 

At 
Room 

W' - Temp - 
100 

100 

100 
100 

100 

100 

100 

100 

100 

100 

* 
Epon ~ ~ ~ / N M P L / B D M A  r e s i n  system i n  a weight r a t i o  of Values repc 
water b o i l  are averages f r o m  f ive tes ts  f o r  each condi t ion p e r  r ing;  values 
determined from t h e  6-hour water -boi l  hor izonta l - shear  specimens. The coup1 
used for a da ta - reproducib i l i ty  check. 

An NOL r ing  could not be f ab r i ca t ed  due t o  a reac t ion  between t h e  r e s i n  comr 
study . 

52/42/0.5. 

** 



PLICATION STUDY* 

Strength Retention, % I A f t e r  

100 
- 
100 
- 
- 
100 
100 

- 
- 
- 
100 

_ _  100 

100 

- 

Water 
Boi l  - 
- 
- 
- 
- 
- 
87.8 
- 
- 

82.5 

81.0 

- 
- 
- 
77.7 
85.0 

75.5 

- 

Winding Speed 
fPm 

- 
2000 

2000 

8000 
3 000 

8000 
3500 

3500 
3 400 

4600 

3500 

3500 
3400 

3400 

3400 

3400 

Remarks 

Very loose wrap, r i ng  not completed 

Traverse 6 in .  above winding mandrel 

Traverse 3/4 i n .  above mandrel 

Preheated r ing  mandrel, 2OO0F 

Poor wrap, voids on s i d e  wal l s  

V e r y  good appearance, very uniform 

4H-1 g lass  

4H-1 g lass  

Uniform wrap 

Resin-finish r e se rvo i r  heated t o  reduce 
v i scos i ty  

Repeat of  Ring 9 
A-1100 was applied a t  rol ler  coa te r ,  
r e s i n  f i n i s h  w a s  appl ied  a t  pad 

Repeat o f  Ring 1 2  

Repeat of Ring 1 0  

Repeat of Ring 1 0  

Repeat of Ring 10  

Repeat of Rings 12 and 13, r ings  damaged, 
no t e s t  

The A-1100  coupling agent w a s  used f o r  a l l  rings a t  a concentration of  5 .5  w t %  
iours a t  35OoF. 
ion, and t h e  s t r eng ths  a t  -423'F are averages from th ree  t e s t s  pe r  ring. 

Except a s  noted below, t h e  horizontal-shear s t r eng ths  a t  mom 

3mperature t e s t i n g  of f ive  r i n g  segments each ( a l l  t e n  segments f r o m  one r i n g )  
( 2 )  another I n s t m n  t e s t e r  i n  t h e  Von &man Center Cryogenic F a c i l i t y  t h a t  was 
machines. For s t r eng th - re t en t ion  ca lcu la t ions ,  t h e  two average values were 

@ Table 



Ring 
No. 

27 
98 
28 
99 
29= 
30 
102 

31 
32 

1 0 3 ~  
103~ 
33 
34 
35 
26- 
51 

Ring 
No. 

79 
80 
81 
105 

- 

Coupling 
Agent 

A-1100 
A-1100 

A-174 
A-174 
A-186 
A-186 

A-172 
A-186 

2-6040 

2-6040 
2-6040 

2-6020 
Volan E 

Volan L 
- 

2-6030 

Solids, w t 4 &  
Finish 
(Roller  Resin 
Coat) (pad) 

22 100 
22 100 

22 100 
22 100 

22 100 

22 100 
22 100 

22 100 

22 100 
22 100 
22 100 

22 100 

22 100 

22 100 

- 100 
- 100 

Coiicei;tr&Acr;, %%$ 

A-1100 
Coupling 
Agent Re s in  

(Roller Solids 
Coat ) (Pad) 

37.5 100 

20.0 100 

3 *6 100 

5 97 100 

COUPLING-AGENT STU 

Horizontal-Shear Strength, k s i  _L 

A t  After A t  
Room 6 -HOUX A t  Roo 
Temp Water Boil  -423OF 

10.9 2.40 22.1 10 
11.0 6.44 21.8 10 

11.3 1-27 23.8 10 
11.2 3.24 25.8 1c 
11.4 5.43 20.2 1c 
12.3 3.65 22.4 1c 
11.4 8.94 21.9 1c 
13.4 6.65 27.1 1 c  
12.9 7-55 27.6 1c  
10.7 8.52 26.0 1C 
10.9 8.62 25 -9 1C 

12.8 8.84 26.0 1C 

13.1 7.54 25.5 1C 

11.9 7.13 24.1 1C 
11.9 1.10 23.2 1C 

12.0 6.32 23.8 1( 

COUPLING-AGENT CONCENT1 

Hori z o n t d -  Shear Strength , k s i  Stl 
A t  After A t  

Room 6 -Hour A t  Room 
Temp Water Boi l  -423OF remp 
11.2 7.90 22.0 100 
11.4 5 949 23 07 100 

10.7 3.79 24.8 100 

11.2 8*33 25.4 100 

* 
Epon 828/w/mm r e s i n  system i n  a weight r a t i o  of 52/42/0.5. Values repor- 
are averages from f i v e  t e s t s  f o r  each condition per r ing.  Water absorption wi 
agent was 1.2 w t $  of t h e  f i n i s h  and binder  res in .  Rings 98, 99, 102, lO3A, ai 
Ekcessive filament breakage during winding; t h i s  evaluat ion w a s  repeated with 

The r e s u l t s  f o r  Ring 26, wound without a coupling agent, are included f o r  corn 

Epon ~~~/NMA/BDMA r e s i n  system i n  a weight r a t i o  of 52/42/0.5. 

w 



~ 11 

TION STUDY 

- 

Horizontal-Shear Strength, k s i  Strength Retention, $ Compo s i t  e Proper t i e s 
Water A t  Af te r  A t  

A t  Room 
-4230F Temp 

Resin Af te r  
6 -Hour 

Water Boil  

- 

57.7 
54.4 
- 

- 

- 
39 

57.2 

53 -5 

- 
99.5 

- 

52.7 

- 

Absorption 
A 

0.36 

wt$ Room 6-Hour 
Finish Temp Water B o i l  

Spec i f ic  
Gravi ty  

2.19 

2.12 

2.20 
- 
- 

- 
2.18 

2.20 

2.22 

- 
2.12 

1.59 

- 

- 

- 2.23 2.17 - 100 10.2 

13 -7 
10.7 
- 

- 

- 
12.8 

11.3 

11.5 

- 
7.1 

26.9 

- 

7.5 

- 7.16 4.14 
- 7.17 3 -91 
- 10.6 8.30 

24.8 100 

100 17.5 
21.0 100 

* 

0.54 
0.26 
0.15 

?d on removal from mandrel 

- 
22 

22 

22 

- 
22 

- 
- 

None 

None 

None 

None 

None 

None 

c - 
9.10 3.55 

- - 
22.5 100 

- 
0.29 

6.05 3.46 20.5 100 0.20 

4.05 2.16 11.6 100 0.13 

- 
1.11 

- - 
2.32 2.30 13 .o 100 

8.2 

0.16 

1.87 No tes t  

11.4 6.00 

No t e s t  100 - 

200 22.8 100 

Damaged on removal from r ing  mandrel 

13.2 2.35 Damaged on removal from r i n g  mandrel 

1.48 NO t e s t  10.7 100 - 
Rings unsa t i s fac tory  on inspec t ion  - 

2.71 No t e s t  11.2 100 - 
4.32 No tes t  8.43 100 - 

7.4 2.08 - 

1.96 - 10.9 

8.5 
6.2 

414 

195 

2.12 1.1 

2.04 14.5 



TAE 

RESIN-EVAL 

- 

Hardener Cur e 
Amount Time Temp soli 
pphr hours O F  Resi 

Ring Resin Coupling 
No. System Type Agent Material 

40 ELS-3001 1 200 
0.67 2 :Tz 1: 

1 212 
1 200 10 
2 350 
1 200 D 
2 350 

Set up in pot - 
1 200 100 
2 350 
1 200 100 
2 3 50 
1 200 70 
2 350 

I 

Set up in pot - 

Phenolic A-1100 EDMA 1.5 

22 

18 
80 
0.5 

3 -0 

3 
80 
0.5 

0.5 

0.5 

80 

80 

18 

41 Isochemrez 408 
42 Isochemrez 405 
43 Epon 826 

A-1100 
A-1100 
A-1100 

A-1100 

A-1100 
A-1100 

A-1100 

A- 1100 

A-1100 
A-1100 

Isochem 408 
Isochem 50 
NMA 
RDMA 

BF -400 3 

El? -400 3 
NMA 
BDMA 

NMA 
BDNA 

m 
BDMA 
Isochem 50 
MOCA 

EPOXY 

E P O X Y  

EPOXY 

44 %on 871 E P O X Y  

EPOXY 
EPOXY 

EPOXY 

EPOXY 

49 Isochemrez 405 
50 &on 826/@on 8711 

Adiprene L-100 
(35125150 wt%> 

54 Araldite 6005 

EPOXY 

Epoxy-urethane 27.6 5 

85 2 
2 

60 2 
2 

0.5 
0.5 
0.5 
0.5 

4.0 0.5 
1.0 

4.0 2 
3 

4.0 2 
3 

4.0 1 

0.5 
0.5 
0.5 
0.5 

- 

285 70 

212 1oc 
300 
210 1oc 
300 
200 60-6 
250 
300 
3 50 
170 66 
250 
300 50. 
3 20 
300 52. 
3 20 
320 5( 
200 60-t 
250 
300 
350 

EPOXY A-1100 Araldite 907 

55 Araldite 6005 EPOXY 

Phenolic 

A-1100 Araldite 830 

56 sc-1008 A-1100 None 

57 Selectron 5003 Polyester A-172 Benzoyl peroxide 

58 Buton-100 Butadiene-styrene A-172 Dicumyl peroxide 

59 Buton-500 Butadiene-styrene A-172 Dicumyl peroxide 

60 ~uton-150 
61 sc-1008 

Polybutadiene 
Phenolic 

A-172 Dicumyl peroxide 
A-1100 None 

*Test conducted at -320'F. 



I 
>Y (TWO-STEP APPLICATION)* 

Strength Retention, % 
After 

31 

e 
3 
0 

0 
0 

0 

F 0 

0 
0 

10 , 

I: 
0 

0 

6-Hour 
Water B o i l  

22.0 
58.0 

11.3 
28.8 

29.6 
78.2 

58.5 
80.0 
78.6 
69.0 
57.4 
59-7 
9-3 
52.5 

48.0 

49.6 

A t  
-423OF 

202 
197 
211 
229 

178 
182 
192 
202 
216 
244 
236 
203 
194 

203 
195 
197 

'PABLE 10 

lATION (TWO-STEP APPI;ICATION) 
+"E+ 

Composite Propert ies  
Resin 

Content 
wt4 
11.6 
11.5 

11.7 

11.7 

12.5 

11.5 
11.8 
11.8 
11.6 
11.9 
12.6 

11.3 
11.6 
11.7 

12.0 

11.2 

Spe c i  f i c 
Gravity 

2.21 
2.22 

2.21 
2.22 

2.22 

2.23 
2.18 

2.22 
2.22 
2.21 
2.23 

2.21 
2.20 

2.22 
2.22 

2.21 

Water 
Absorption 
A 

0.15 
0.144 

0.24 
0.25 

0.19 
0.13 

0.092 

0.18 

0.07 

0.22 

0.094 

0.24 

0.054 

0.24 

0.124 
0.192 

Void 
Content 
vol$ 

0.04 
0.00 

0.015 
Negligible 

Negligible 

Negligible 

Negligible 

Negligible 
Negligible 
Negligible 

0 9 075 
Negligible 

Negligible 

Negligible 

Negligible 

0.522 

length Retention, % Composite Propert ies  
After Resin Water Void 
6-Hour A t  Content Specific Absorption Content 

~ Water hi1 -423OF wtk Gravity A vel$ 

70.6 197 11.9 2.23 0.19 Negligible 

48.3 209 11.5 2.23 0.23 Negligible 

35 92 231 11.3 2.23 0 -35 Negligible 

I 

74.3 225 11.5 2.22 0.118 - 

;ed f o r  horizontal-shear  s t rength  a t  room temperature and a f t e r  a 6-hour water b o i l  
t s  determined from t h e  6-hour water-boil  horizontal-shear specimens. 
Id 103B were used f o r  data-reproducibi l i ty  checks. 

Ring 30. 
F i s o n .  

The coupling 

Tables 9-1 CD 



TABLE 1 

' -  Ring 
No. - 
62 

63 
64 

65 

104A 
104B 
66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

Hardener Cure 
Resin Coupling Amount T i m e  Temp 

System T y w  Agent Material 

Paraplex P-13 Polyester A-172 Benzoyl peroxide 

Narmco 2021 N i t r i l e  phenolic None None 
Polyester A-172 Benzoyl peroxide 

Araldite 6005 Epoxy A-1100 Araldite 957 

Data-reproducibility t e s t ,  composition and cure s a m  as Ring 65 
Same 

%on 949A 

Finish: Epon 949A 
Resin: Epon 828 

Finish: Epon 949A 
Resin: Epon 828 

ERRA 0300 

Dm 331 

DEN 438 

DEN 438/DER 331 
(55.6/44.4 wtk> 

DC-2106 

E-2106 

Paraplex P-43 

Oxiron 2000 

Narmco 7343 

- 
Epoxy-nylon 

Epoxy -nylon 
Epoxy 

Epoxy -nylon 
Epoxy 

Epoxy 

Epoxy 

Novolac epoxy 

Epoxy 

Silicone 

Silicone 

Polyester 

Epoxy-polye s te r  

Urethane 

- 
A-1100 

A - l l 0 0  

A-1100 

A-1100 

A-1100 

A-1100 

A-1100 

None 

A-1100 

A-172 

A-1100 

A-1100 

Epon 949B 

Epon 949B 

%on 949B 

NMA 
EDMA 

NMA 
BDMA 
Shell Curing 
Agent "z" 
NMA 
BDMA 

Dar Corning 15 

Benzoyl peroxide 

Benzoyl peroxide 

HKPA 
PPG 
Narmco 7139 

pphr hours OF- 

1.0 0.5 200 
0.5 250 
0.5 300 
2.0 350 

S y s t e m  cobwebbed 
4.0 

20 

- 
- 

12 

12 
80 
1 

12 
80 
1 

20 

80 
0.5 

101 

100 

0.5 

5 

4.5 

4.0 

80.0 

11 

8.0 

1 
2 

2 
2 
- 
- 

0.25 
1.0 

1 
1 
2 

1 
1 
2 

2 
2 

1 
1 
2 

1 
2 

1 
2 

16 
2 
2 
2 

16 
2 
2 
2 

1- 5 
0.5 

4 

1 

200 
250 
175 
300 
- 
- 

200 
350 
200 
250 
3 50 
200 
250 
3 50 
1-75 
300 
200 
250 
3 50 
250 
580 

25 0 
380 

200 
260 
3 25 
400 

200 
260 
3 25 
400 
260 
3 25 
310 

290 

Sol: 
Resi: 
- - 

46.( 

20 

100 

100 

- 
- 
17 

100 

100 

100 

100 

100 

100 

59 

59 

T 

%on 949 (epoxy-nylon) with A-1100 and methyl alcohol used as f in i sh  solution. 
Same f in i sh  as above, except pH adjusted t o  5.0 with formic acid. 

3cn 

( p 6 ~ E  ~ ~ , ~ H ~ ~ ~ a  



;TEP FINISH APPLICATION)* 

t h  Retention, $ Compos 
After  Res i n  

.es 
Void 

6 -HOW A t  Content Spec i f ic  Absorption Content 
a t e r  Boi l  -423OF w t $  Gravity w t $  vol$ 

81 .o - 11 .o 2.2 0.13 Negligible  

67.0 - - - 0.17 0.663 
68.5 - - - 0.244 0.439 
81.8 - - - 0.13 Negligible  

ONE-STEP APPLICATION)** 

- i Strength Retention, $ 
A t  After  

Room 6 - ~ o u r  A t  
'F - Temp Water Boi l  -423OF 

i 100 77.2 239 
1 100 71 -3 236 
! 100 69.0 247 
. 100 52.5 270 

100 51.0 219 

Composi t e  Proper t ies  
Resin Water Void 

Content Spec i f ic  Absorption Content 
w t $  Gravity w t %  vol$  

11.3 2.22 0.18 0.144 
11.2 2.23 0.19 Negligible  

9.9 2.21 0.28 0.906 
10.1 2.22 0.217 1.12 

11.3 2.21 - 0.661 

SE-STEP  APPLICATION)^^ 
- k s i  Strength Retention, % Composite Proper t ies  

A t o  Room 6-Hour A t o  Content Spec i f ic  Absorption Content 
A t  After  Resin Water Void 

123 F Temp Water Boi l  -423 F w t $  Gravity w t $  vol$ 

s t e r  - - - 

!3.2 loo 52 237 11.3 2.20 0.104 - 
- - - 

- 7.05 100 2560 10.2 2.13 - 5 -65 

-2.4 100 78 1160 10.7 1.97 0 * 197 11.65 

21.0 100 42 443 10.5 2.20 0.29 1.31 
indrel  - - - - - - 

L9.5 100 44 473 11.3 2.22 0.082 Negligible  

1 i n  a 52i4210.5 weight r a t i o  and A-1100 coupling agent (5.5 w t $  of t he  

A-1100 coupling agent (5 .2  w t $  of the  t o t a l  mix), and the  l u b r i c a n t /  

5 Agent "D" were combined with coupling agent A-186 (5 .5  w t $  of t o t a l  mix). 

Tables 12-14 4D 



TABLE 

SURFACE-WATER DISPLACEMENT (ONE 

Agent A t  Af te r  
Ring Concentration Room 6 -Hour A t  - No. Mater ia l  w t $  Temp Water Boi l  -42: 

82 C i r r a so l  220 0 .1  10.4 8.02 24 

83 AHCO-185 0 .1  10.1 7-13 24 

84 Ci r r a so l  838 0.1 9.38 6.46 23 

86 L-527 0.5 10 .o 5.12 21 

a5 ~ - 4 1 8 6  1 .o 9.04 4.75 24 

TABLE 

STUDY OF FLMIBILIZERS ( 

Horizontal-Shear Strengt:  
A t  Af t e r  

Ring w o n  W t $  of Room 6 -Hour 

Horizontal-Shear Strength,  k s i  S t r e  
A t  Af te r  A t  

Ring Room 6 - Hour A t o  Room - NO. E-;placing Agent Temp Water Boi l  -423 F Temp 

36 Isopropyl a lcohol  10.0 8.12 20.7 100 

37 Methanol 10.6 7.12 21.1 100 

38 MM: 10.4 7.14 23.0 100 

39 Acetone 10.2 a .34 20.5 100 

TABLE 
I 

LUBRI CANT/WETTING-AGENT STUDY 

* 
Displacing agent appl ied by r o l l e r  coa ter .  w o n  828/NMA/BD: 
f in i sh-b inder  mix) appl ied by the  pad technique. 

Epon 828/NMA/BDMA r e s i n  System i n  a 52/42/0.5 weight r a t i o  
wetting agent  were appl ied by the  pad technique. 

100 p a r t s  by weight of !$on r e s i n  t o  10 p a r t s  of S h e l l  C U r i :  

* 

** 
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I 

1 (cont.)  

I 

None 

None 

- 
- 

None 

4.8* 

4.8"" 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Horizontal-Shear Srength ,  k s i  Strength Retention, $ 
A t  After  A t  After 

Room 6-Hour A t o  Room 
Temp Water Boil  -423 F Temp 

0.567 No test 13.2 100 

9-19 - 26.6 100 

9-95 9.26 33.5 100 

10.2 9.55 23 .o 100 

3=23 2.76 8.68 100 

Specimens cracked during c u t t i n g  - 

4.41 No tes t  7.80 100 

2.72 2.81 1.4 100 

Ring damaged - - - 

10.6 - 23.9 100 

10.6 - 19.1 100 

Rings u n s a t i s f a c t o r y  on inspect ion 

1.60 2.56 loo 1.47 

2.54 2-33 4.77 100 

4 . 9  3-27 9.58 io0 

No tes t  No tes t  3-59 - 

6-Hour 
Water B o i l  

- 

- 
- 
- 

93.2 
93.1 
85.8 

- 

- 

103 .o 

- 

- 

- 

- 

108 

91.5 

66.6 

- 

Composite P rope r t i e s  
Resin x 
9.75 

- 
11.1 

11.8 

11.4 
11.4 

7-07 

10.9 

11.0 

11.6 

- 

12.3 

14.2 

Spec i f ic  
Gravity 

2.20 

- 
2.2 

2.18 

2.21 

2.22 

1.91 

- 

- 

1-99 

- 

2.21 

2.17 

Water 
Absorption 
wtk 

0.2 

- 
0 03 

0.12 

0.11 

0.12 
- 
- 

9.4 

3.28 

- 

0.13 

0.20 

1-99 3-2 

2.06 3.2 

10.4 2.18 0.85 

10.7 2.18 0.62 



I -  STEP 1. THE COUPLING AGENT I S  HYDROLYZED AS FOLLOWS: 

R1 - Si - t  + 3 H20 - R1 - S i  - (OH)3 + 3 R20H 

THE GLASS FIBER HAS AVAILABLE HYDROXYLS ON THE 
SURFACE REPRESENTED AS FOLLOWS: 

SURFACE OH OH OH 
I I I 

GLASS S i  \ / Si \ o /  Si  \ o  0’ 0 
STEP II. THE HYDROLYZED COUPLING AGENT CAN THEN REACT 

WITH SILANOL GROUPS ON THE GLASS SURFACE: 

R 1  I #.. 

GLASS 
0 

STEP 111. THE CONDENSATI ON REACT1 ON RESULTS I N  THE FOLLOW I NG: 

91 , 

I 

I I I + 3H20 
S U R FACE 

GLASS S i  S i  S i  

0 /!lo 

Possible  Mechanism f o r  Coupling-Agent Reaction with 
Glass-Filament Surface 

Figure 1 



-- I 
Laboratory Glass-Melting arnaces, 1 lb Capacity 

Figure 2 

Y 



Figure 3 



P 

Figure 4 



. 

Monofilament-Fiber Furnace with Filament-Coating 
and Ring-Winding Equipment 

Figure 5 



1 Oh',-009 

Figure 6 



NOL-Ring Cut t ing  Fixture 

Figure 7 



1065-008 



NOL Ring on Ring Fixture 

Figure 9 



560x 

A. Fabricated of Owens Corning, S-994, 20-end, prepreg 
roving with HTS f i n i s h  and 787 r e s i n  system; void 
area ex is ted  throughout specimen. 

500x 

B. Wound with 4 H - 1  g l a s s  a t  10,000 fpm, having uniform f iber  
diameters and r e l a t i v e l y  void-free s t ruc tu re .  

Cross Sect ions of NOL Rings, photomicrographs 

Figure io 



soox 
A. Wound with 4H-1 g l a s s  a t  8000 fpm. Dense composite 

laminate having uniform filament diameters and void- 
free s t ruc ture ,  

rcoox 
B. Large-diameter f i b e r s  r e su l t ed  from winding i n  NOL-ring 

mandrel before the  desired winding speed was  a t t a ined  
(when t h e  fi laments had a uniform diameter, as shown). 

Cross Sections of NOL Rings, Photomicrographs 

Figure 11 



500x 

500x 

NOL-Ring Fabrication Study, Monofilament Packing (Fhotomicrographs ) 

Figure 12 



Before Water Boil 

After Water Boil 

NOL-Ring Fabricat ion Study, Monofilament Packing (Photomicrographs ) 

Figure  13 



Figure 14 

rd 
3 
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5 

4 

3 

2 

1 

0 

/ 
Coupling Agents ( 5.5 wt% in One-Step, 1.2 wt% in Two-step 1 

One-Step Finish Application 
Finish Application 

Effec t  of F in ish  Application Containing Various Coupling Agents on 
Horizontal-Shear Strength A f t e r  6-Hour Water Bo i l  

Figure 15  



14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

l l l l l l i l l l l l l l l l l ' l l l  I ! 

Coupling Agents ( 5.5 w t l  in One-Step, 1.2 w t l  in Two-step ) 

One-Step Finish Application I% Two-step Finish Application 
Effect of Finish Application Containing Various Coupling Agents on 

Ambient-Temperature Horizontal-Shear Strength 

Figure 16 



28 

27 

26 

25 

24 

23 

22 

21 

20 

19 

A 

0 

Coupling Agents ( 5.5 wt% in One-Step, 1.2 wt% in Two-step 1 
One-Step Finish Application 
Two-step Finish Application 

E f f e c t  of Finish Application Containing Various Coupling Agents on 
Horizontal-Shear S t rength  a t  -423OF 

Figure 17 
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Figure 18 
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Figure 19 
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10 
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6 
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0 
0 

\ a 
0 

a 

a a 

1.0 2.0 3.0 
Void Content ( % 1 

4.0 

Interlaminar-Shear Strength vs Void Content 

Figure 20 
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EVALUATION TECHNIQUES 

I. VISCOSITY AT ROOM TEMpERclTlTRE 

A Brookfield viscometer (Model LVT), beaker, and thermometer are  used i n  
t h i s  procedure t o  determine the  viscosi ty  of res in- f in i sh  material a t  room 
temperature. 

The t e s t  specimen consis ts  of approximately 400 cc of catalyzed res in-  
f i n i s h  system placed i n  the  beaker and conditioned i n  a water bath un t i l  a 
temperature of 73 22OF i s  reached. 

The spindle of t h e  viscometer i s  positioned i n  the  container so t h a t  t h e  

The viscometer i s  spun a t  30 rpm, and 
upper surface of t he  sample is i n  the  center of t he  shaf t  indentation and the  
spindle i s  i n  t h e  center of the  beaker. 
a reading i s  recorded (together with the  temperature) after every 20 revolu- 
t i ons .  The v iscos i ty  is  then determined d i r e c t l y  from t h e  Brookfield chart .  

11. RESIN C 0 " T  

The procedure used t o  determine the  r e s i n  content of organic p l a s t i c s  re- 
inforced with glass  f ibers  requires  an ana ly t i ca l  balance, a desiccator,  a heat-  
resistant nonreactive crucible,  and a muffle furnace with temperature controls .  

The t e s t  specimen should weigh at  l e a s t  1 .5  g, and the  edges should not 
It i s  weighed on the ana ly t ica l  balance i n  t h e  previously weighed be frayed. 

i g n i t i o n  crucible,  and is  then heated f o r  30 25 min i n  t h e  muffle furnace, 
which has been s t ab i l i zed  at 1400 +50°F. 
ture i n  the  desiccator  and i s  reweighed t o  t h e  nearest  m i l l i g r a m .  

It i s  cooled t o  t h e  ambient tempera- 

The r e s i n  content ( w t $ )  i s  calculated from 

loss  i n  weight 
o r ig ina l  weight Resin content = 

111. HORIZONTAL-SHEAR TESTS, NOL-RING COMPOSITE 

The p a r a l l e l  interlaminar-shear s t rengths  of glass-resin composites at  
room and cryogenic temperatures are determined with the  a i d  of a rout ing f i x -  
t u r e ,  a cut t ing  f ix tu re ,  t es t  f ix tures ,  a cryostat  (Figure A - l ) ,  and an 
Ins t ron  t e s t i n g  machine. 
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The t e s t  specimens (Figure A-2) a r e  cut  from a previous ly  prepared NOL- 
r i n g  composite and conform t o  ASTM Spec i f i ca t ion  D2344-65T. 
with a s u i t a b l e  bal l - type micrometer, reading t o  a t  l e a s t  0.001 i n .  f o r  t h e  
width, thickness ,  and length;  a t  l e a s t  t h r e e  readings a r e  made per  specimen. 
The specimens are t e s t e d  a t  room temperature,  a t  room temperature a f t e r  a 6-hour 
water h n i l ,  2nd 2-t -J!Z~'F. 

They a r e  measured 

=,E crossliead speeri i s  6.05 in./min. 

The horizontal-shear  s t r eng th  i s  ca lcu la ted  from 

0.75 PB 

b d  s =  H 

where 

S = horizontal-shear  s t r eng th  ( p s i )  

P = breaking load ( l b )  
H 

B 
b = specimen width ( i n .  ) 
d = specimen thickness  ( i n . )  

I V .  TENSILE-STRENGTH TEST, NOL-RING COMPOSITE 

A s p l i t - d i s k  t e s t  f i x t u r e  (Figure A-3)  and an Ins t ron  t e s t i n g  machine a r e  
used t o  determine the  t e n s i l e  s t r eng th  of g l a s s / r e s i n  composites a t  room and 
cryogenic temperatures.  

The t e s t  specimen i s  an NOL r i n g  conforming t o  ASTM Spec i f i ca t ion  D229l- 
6 4 ~ ,  Type B. 
l a t e d  on a sheet  of  paper and t h e  measurements a r e  recorded. 
mounted on t h e  s p l i t  d i s k  and i s  i n s t a l l e d  i n  t h e  t e s t i n g  machine. 
head speed of 0.10 in./min i s  used. 

It i s  measured t o  e igh t  equal ly  spaced a r e a s .  A r i n g  i s  simu- 

A c ross -  
The specimen i s  

The composite t e n s i l e  s t r eng th  i s  ca l cu la t ed  as fol lows:  

Composite t e n s i l e  s t r e n g t h  = - pB 
2.A 

where 

A = cross  sec t ion  of r i n g  ( s q  i n . )  

V. F W I N  SOLIDS 

Determination o f  t he  percentage of  s o l i d s  contained i n  a r e s i n  or r e s i n  
system requ i r e s  an a n a l y t i c a l  balance, an evapora t ing  d i sh ,  an a i r - c i r c u l a t i n g  
oven with a temperature c o n t r o l l e r ,  and a d e s i c c a t o r .  

The specimen cons i s t s  of a t  l e a s t  10 g of t h e  res inous  mater ia l ,  ca t a -  
lyzed i f  required.  It i s  weighed on t h e  a n a l y t i c a l  balance i n  t h e  prev ious ly  
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weighed d ish  and i s  placed i n  t h e  oven ( s t a b i l i z e d  a t  the  minimum recommended 
temperature) f o r  t h e  recommended time. It i s  then cooled t o  room temperature 
i n  the  desiccator  and i s  reweighed t o  the nearest  m i l l i g r a m .  

The r e s i n  so l ids  (wt5) are calculated from 

x 100 l o s s  i n  w e i g h t  
o r ig ina l  w e i g h t  Resin so l ids  = 

VI. SPECIFIC GRAVITY 

This procedure determines spec i f ic  gravi ty  as t h e  r a t i o  of the  weight of 
a given volume of material t o  t h a t  of an equal volume of water a t  t h e  same 
temperature. The equipment includes an a n a l y t i c a l  balance, a piece of corro- 
s ion- res i s tan t  wire, a beaker of d i s t i l l e d  water, m-d a thermometer. 

The tes t  specimen is  a s o l i d  of any s i z e  o r  shape t h a t  can be conveni- 
e n t l y  prepared and tes ted .  The corrosion-resistant wire is  fastened t o  the  hook 
on the  pan support of the  a n a l y t i c a l  balance, and the  weight i s  recorded t o  t h e  
nearest  0.1 mg. 
pended about 1 in.  above a beaker support) and i s  weighed t o  t h e  nearest  0.1 mg. 
It i s  then immersed i n  the  beaker and i s  weighed t o  t h e  nearest  0.1 mg. 
t h e  specimen i s  removed from t h e  wire, t h e  weight of the  w i r e  i n  water i s  re- 
corded o 

The tes t  specimen i s  attached t o  the wire (so t h a t  it i s  sus- 

After 

The s p e c i f i c  gravi ty  of the  specimen i s  calculated from 

a Specif ic  gravi ty  = 

where 

k = weight of specimen plus w i r e  i n  a i r  (g)  

p = weight of wire i n  a i r  ( g )  

b = weight of specimen i n  water plus  p a r t l y  immersed wire ( g )  

c = weight of wire p a r t l y  immersed i n  water ( g )  

a i s  the equivalent of k-p and represents the  w e i g h t  of the  

m i s  t h e  equivalent of b-c and represents the  w e i g h t  of t h e  

specimen i n  a i r  (g)  

specimen i n  water ( g )  

VII. VOID CONTENT 

The equiprsent used t o  determine t h e  percentage of voids (air  bubbles) ir, 
filament-wound-composite NOL r ings  includes an a n a l y t i c a l  balmce,  a corrosion- 
r e s i s t a n t  wire, a beaker of d i s t i l l e d  water, a thermometer, a desiccator ,  a 
h e a t - r e s i s t a n t  crucible ,  and a muffle furnace with temperature controls 
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The composite t e s t  specimen should be a r ep resen ta t ive  NOL-ring sec t ion  
a t  l e a s t  1-1/4 i n .  long and weighing a t  least 1 g; t h e  edges should not  be 
f rayed .  
termined as described above. The o r i g i n a l  or dry  specimen weight determined 
during t h a t  procedure i s  used as t h e  composite o r  o r i g i n a l  weight f o r  r e s i n -  
coz?ter.t d e t e r n i n z t i ~ c  ~5th this specimeii (see paragraph II . 

It i s  weighed on t h e  a n a l y t i c a l  balance and t h e  s p e c i f i c  g rav i ty  i s  de- 

-- \ 

The s p e c i f i c  g rav i ty  of t h e  matr ix  r e s i n  i s  determined (paragraph V I )  
from a previously cured, u n f i l l e d ,  and void-free r e s i n  block approximately 1/2 
i n .  square.  The s p e c i f i c  g rav i ty  of g l a s s  reinforcements i s  determined from 
g la s s  onions obtained during r i n g  f a b r i c a t i o n .  The 
a t  least  1 g. 

The void content ( ~ 0 1 % )  i s  determined from 

Void content volume of voids 

g l a s s  sample should weigh 

x 100 

where 

Volume of voids ( C C )  = 

v =  
v =  R 
v =  

g 

C 

w =  

w =  R 
w =  

g 
SGc = 

SGR = 

SG = 
g 

0 

V I I I .  WATER ABSORPTION 

volume of composite ( c c )  = W ~ / S G ~  

volume of r e s i n  ( C C )  = W /SGR R 
volume of g l a s s  ( c c )  = w /SG 

g g  
o r i g i n a l  composite w e i g h t  i n  a i r  ( g )  

r e s i n  weight ( g )  

g l a s s  w e i g h t  ( g )  

s p e c i f i c  g r a v i t y  of composite (g /cc)  

s p e c i f i c  g rav i ty  of r e s i n  (g/cc)  

s p e c i f i c  g rav i ty  of g l a s s  (g /cc)  

a hot  p l a t e ,  and a beaker of d i s t i l l e d  water are An a n a l y t i c a l  balance,  
used t o  determine t h e  water absorp t ion  of glass-filament-wound composites t h a t  
have been subjected t o  a 6-hour water b o i l .  

The tes t  specimens are weighed t o  t h e  n e a r e s t  m i l l i g r a m  and are immersed 
i n  b o i l i n g  d i s t i l l e d  water f o r  6 hours .  
reweighed t o  t h e  nea res t  mill igram. 

They are removed, b l o t t e d  dry ,  and 

The increase i n  water absorp t ion  ( w t % )  i s  ca l cu la t ed  from 

Water absorpt ion = w e t  weight - o r i g i n a l  weigh x 100 
o r i g i n a l  w e i g h t  
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IX. WETTING 

The contact angle between a f i n i s h  o r  r e s i n  and a glass  filament i s  de- 
termined with the  a id  of a Zeiss Ultraphot, a cardboard f i b e r  mount, a pro- 
t r a c t o r ,  a s l i d e  glass,  a microdrop hypodermic needle, and a heat lamp. 

The tes t  specimen is  a glass  filament drawn from a monofilament bushing. 
It i s  mounted on the  cardboard f ibe r  holder and is  positioned horizontal ly  on 
the  s l i de ,  with the f i b e r  s l i g h t l y  above t h e  s l i d e  surface.  The specimen area 
is  heated with the  lamp t o  the  same temperature as t h e  f i n i s h  and r e s in  when 
they are being wound in to  an NOL r ing.  

One of t h e  following techniques i s  used t o  apply the  f i n i s h  and/or r e s in  
t o  the  filament: 
filament after mounting and posit ioning on the  s l i de ,  ( b )  a mounted filament 
i s  immersed i n  the  coating material before placement on the  s l i de ,  o r  ( c )  a 
f i b e r  i s  coated during f iber iza t ion ,  i s  mounted on the  f i b e r  holder, and i s  
placed on the  s l i de .  

(a) A microdrop i s  l i g h t l y  touched t o  the  center of t he  

Two capi l la ry  f ronts  then t r a v e l  horizontal ly  out from the microdrop 
along t h e  suspended filament. 
magnification of 5OOX with dark-field illumination. 
duce photomicrographs made during wetting s tudies .  

A f t e r  60 sec, the  f ron t s  a re  photographed at a 
Figures A-4  and A-5 repro- 

The contact angle of the  f in i sh  or r e s i n  is  determined by using a pro- 
t r a c t o r  t o  measure the  angle at  which the  f l u i d  contacts o r  wets the filament. 
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Cryostat for Tensile Testing at -423OF 

Figure A-l  



Flat faced 114 x 114 
i mpressor 

Horizontal-Shear-Strength Test Specimen 
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Contact Angle 15' 

Contact Angle ao 

Epon 828/NMA Resin System Applied by Roller  Coater 
Contact Angles Obtained i n  Wetting Study 

Figure A-4  



ELS-3001 Resin, Contact Angle 48' 

Epon 58-68~ Resin, Contact Angle 64' 

Contact Angles Obtained i n  Wetting Study 
EIS-3001 and Epon 59-68~ Resins Applied by Dipping 

Figure A-5  
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